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PREFACE 


Tue Radiophysics Laboratory of the Council for Scientific 
and Industrial Research was established in 1939 as a result 
of consultations between the United Kingdom and Australian 
Governments. It was set up as a centre of radar research 
and development for the Allied Forces in the Pacific Area. 


During the war the subject matter of radar grew to large 
proportions as a result of the activities of many research 
laboratories in Great Britain, the United States, Canada and 
Australia, and a field of scientific knowledge came into being 
which is unknown outside the group of scientists and engineers 
who were directly involved. The relaxation of military 
secrecy now makes it possible to publish this material. 


Throughout the war there occurred among the Allied 
countries the freest exchange of scientific and technical data 
and this aided the activities of the Radiophysics Laboratory 
considerably. From the nature of the work and the magnitude 
of the research and development effort which occurred it is 
difficult to make adequate acknowledgement to the many 
laboratories and individuals who contributed. It is particu- 
larly difficult to acknowledge the work of the pioneers and 
those who were responsible for the developments in England 
which did so much to achieve the preparedness of Britain's 
defences before the outbreak of war. We wish to acknowledge 
that much of the information contained in the present volume 
was obtained in the first place from the work of our colleagues 
in Great Britain, the United States and Canada, and every 
effort has been made to give credit where it is due by referring 
to written work which is known to us. In the majority of 
cases the references are to documents which were given only 
a limited circulation and which may still be difficult of access. 
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We regret that this procedure is so inadequate both from the 
point of view of the reader and as a means of acknowledging 
original work. 


We cannot omit paying tribute by name to the Telecom- 
munications Research Establishment of the Ministry of 
Aircraft Production, the Radar Research and Development 
Establishment of the Ministry of Supply, and the Admiralty 
Signals Establishment in Great Britain ; also to the Radiation 
Laboratory of the National Defense Research Committee, the 
Naval Research Laboratory and the Bell Telephone Labora- 
tories in the United States. Their efforts have been out- 
standing in the field of radar and their work has been freely 
drawn upon in compiling this book. We acknowledge also 
the help that has been given to the Radiophysics Laboratory 
by many other Government, Service and industrial organisa- 
tions in Australia, and in particular we express our gratitude 
to the Amalgamated Wireless Valve Company for permission 
to publish Chapter III of this volume. 


Although the names of individual members of the Staff 
of the Radiophysics Laboratory appear as authors at the head 
of each chapter, the work described in this book was con- 
tributed to by a much larger group of scientists and engineers. 
Many other members of the staff have also assisted materially 
in its preparation. We wish to express our appreciation 
to all those who are not mentioned by name but whose efforts 
helped to make’ this book possible. 
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CHAPTER I 
INTRODUCTION 


Rapar can be described as the science of locating distant 
objects by radio. Many of the techniques used are as old as 
radio itself ; others have been developed under forced draught 
to meet the urgent demands of war and it is these which will 
be described in this book. 


Radar depends on two fundamental processes neither of 
which is essentially new—the use of short pulses for the 
measurement of distance and the scattering of radio waves 
by material ies. 


The first use of radio frequency pulses was in 1925 when 
Breit and Tuve! used them as a means of investigating the 
reflecting regions of the upper atmosphere. They radiated 
pulses of approximately 1/1000th second duration in a vertical 
direction, which after reflection at the ionosphere were received 
on a receiver adjacent to the transmitter. The time of transit 
of the radio waves was observed and, their velocity of propaga- 
tion being known, a direct measurement was obtained of the 
equivalent height of the ionosphere. In the years which 
followed this became the standard method of conducting such 
investigations in nearly every country in the world. 

The scattering of radio waves was first observed by Hertz 
during his classical experiments in 1886. On many occasions 
since, the suggestion has been made that such scattering 
might be used for the location of obstacles but it was never 
demonstrated in practice. The next reported observation 
of interest was by a team of British Post Office engineers? 
who in 1932 observed the reflection of radio waves scattered 
from an aircraft in flight. 

1G. Breit and M. Tuve, °° A test of the existence of the conducting layer,” 
vane. Nevmiea t Sturt ' . ny es dn ral H. 'T. Mitchell, * The 


further development of transmitting and receiving apparatus for use ativery 
high radio frequencies,’ lost Office Radio Report No. 223, June, 1932. 


2 A TEXTBOOK OF RADAR (Ch. I 


It was the combination of this observation with the use of 
pulses for measuring distance which, in the years between 1930 
and 1940, gave rise to the remarkable techniques which have 
since become known as radar. 


Historical Development 


These events were part of the normal process of scientific 
research, the results of which were freely published and dis- 
cussed throughout the world. But when their vital import- 
ance was realised, a cloak of secrecy fell on the work 
and obscured its subsequent history. It is known, however, 
that the broad path of scientific development leading to radio 
location was followed in England, America, France, Italy and ° 
Germany, and in many of these countries the years 1934 to 
1936 saw the culmination of experimental work and the emer- 
gence of embryonic radar systems. 


In England it is interesting that radar was not so much the 
result of a happy inspiration as the consequence of a deliberate 
and carefully planned policy. In 1935 there was apathy in the 
land and the danger of an impending air attack went unheeded 
except by a small minority of people. Prominent among the 
few who recognised the danger was Sir Henry Tizard, who 
formed a committee of scientists to investigate the problem 
of the defence of Great Britain against air attack. They 
studied all forms of defence—fighter aircraft, anti-aircraft 
guns and the passive methods of air raid precautions—and 
arrived at one outstanding conclusion : that unless there was 
at least twenty minutes warning of the approach of enemy 
aircraft, practically all forms of defence were useless. Tizard 
and his committee were therefore able to postulate the basic 
problem, and once it was stated in a simple form, the solution 
Was soon forthcoming from another source. Putting together 
his experience of the pulse method of investigation of the 
ionosphere and his knowledge of the observation of the reflec- 
tion of radio waves from aircraft, Watson Watt (now Sir 

Robert Watson Wait) was able to Suggest the radio method 
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which not only provided the necessary warning but gave 
precise location as well. Following this proposal, Watson 
Watt and a small team of co-workers succeeded in receiving 
pulsed echo signals from a distant aircraft for the first. time 
in June, 1935. 


In America® the search for methods of obstacle detection 
began much earlier than in Britain and there is record of work 
being done at the Naval Research Laboratory, Anacostia, 
in 1922. As a result of these efforts, pulsed radar detection 
equipment appeared in the United States at about the same 
time as in England. A remarkable feature of these 
efforts was that in spite of the fact that there was no com- 
munication between the participants, there was striking 
similarity in the final equipment. The first American air 
warning equipment for use on board ship operated on 200 
megacycles per second, a frequency identical with that of a 
British ground-based equipment. The aerial system consisted 
of the same number of elements mounted on a similar reflecting 
mattress, while the transmitter and receiver were almost 
indistinguishable in each case. 


War Application 


The first application of radar in war was as a defensive weapon. 
Because radio waves can propagate farther than visible light, 
at night or through adverse weather conditions, the primary 
function of radar was to deny the enemy that element of 
surprise which is normally a potent factor in offensive opera- 
tions. With later development, the wider potentialities of 
radar were recognised and it finally proved as effective in 
offensive operations, on land, on board ship and in the air. 
Its applications can best be described in terms of the objects 
from which echoes are obtained when radar equipment is used 
in various locations. 

As shown in Fig. 1, a radar set on the ground obtains echoes 


5** Radar—A report on science at war,’’ released by the United States 
Joint Board on Scientific Information Policy, August, 1945. 
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from distant aircraft at moderate or high altitude. This is its 


air warning function, detection of the approach of hostile 
aircraft being used to alert the defences and to scramble fighter 


pf es 


7 
Pee ese 


Figure 1.—The reception of echoes from ships and aircraft on a ground 
radar set. 





aircraft. It is followed by the active defensive phase during 
which other radar equipments fix the position of individual 
hostile craft more accurately and use the information for the 
control of fighter aircraft, for searchlight direction and control 
of gunfire against seen or unseen targets. In addition, ground 
radar obtains echoes from ships at sea, the information being 
used for control of fire from coastal batteries. 


The use of radar on board ship is similar to that on land, 
as shown in Fig. 2. For tactical reasons the division of func- 
tions is into air warning, sea search and fire control, the last 
being against both surface and air targets. In addition, the 





Figure 2.—The reception of echoes from other ships, aircraft and land 
targets on a shipboard radar set. 


ship’s radar equipment obtains echoes from nearby coastlines, 
a feature which has proved useful for navigation in coastal 
waters. 

Perhaps the most varied uses of radar are in aircraft, because 
echoes are received from a greater variety of targets, as shown 
in Fiz. 3. Echoes are received from other aircraft in the 
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sky, enabling air interception to be carried out at night and in 
certain cases, air-to-air blind firing. Ships or surfaced 
submarines, in fact anything protruding from the surface of 
the sea, can be detected and attacked by blind bombing 
methods. Coastlines and hills provide massive echoes which 





Figure 3.—Airborne radar equipment can receive echoes from othor air- 
craft, from ships or surfaced submarines, the ground or built-up areas. 
are detected at extremes of range and have proved invaluable 
for navigational purposes. Finally, built-up areas may be 
recognised by the larger signals which are reflected from them 
compared with those from open country, and attacked without 

the pilot seeing them by eye. 

The first great test of radar in war came during the Battle 
of Britain. The Hurricanes and Spitfires of the Royal Air 
Force Fighter Command were superior to the aircraft against 
them and their pilots were without equal ; but their numbers 
were small against a huge attacking force. The use of 
radar so enabled them to conserve and direct their available 
strength that the attack was finally beaten back with disastrous 
losses to the enemy. 

There followed the Battle of the Atlantic which was notable 
for the use by the enemy of every technical trick to an extent 
which exceeded that in any other phase of his war effort. 
Initially enemy submarines had the advantage. They were 
free to cruise at will and at considerable speed on the surface 
at night and were obliged to submerge only during the hours 
of broad daylight. Soon after hostilities commenced radar 
changed this set of conditions in a startling manner, since it 
provided patrol ships and aircraft with means of spotting 
submarines at night or in any weather. The submarines were 
forced to remain submerged for long periods to preserve 
themselves from crippling attacks and this so reduced their 
mobility that they were prevented from making effective 
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attacks on our shipping. So passed the first great wave of 
shipping losses and the submarine menace was temporarily 
reduced to a low level. 


The submarines collected their forces and came back with 
a countermeasure which again gave them virtual freedom of the 
seas. It was the use of listening receivers which gave warning 
of the approach of radar-equipped ships or aircraft. Shipping 
losses rose to a new peak, but for reasons not in any way 
connected with submarine warfare, the solution was ready in 
the form of microwave radar detection equipment which had 
been developed for other purposes. Not only did it have a 
performance superior to that of earlier equipment but it could 
not be received on the submarines’ listening gear. The 
installation of the new equipment was carried out with all 
possible speed and it was instrumental in restoring the ascend- 
ancy to our ships and aircraft. Shipping losses were once 
more reduced while enemy submarine losses mounted to a 
greater height than at any other period. The waves of measure 
and countermeasure continued with the scales weighted 
heavily in the Allies’ favour, until in 1943 a situation existed 
in which there were a greater number of submarines at sea 
than at any other time, but the intensity of our patrols 
and attacks was so great that shipping losses were negligible. 
The “one single weapon” to which Hitler attributed the 
failure of his submarine warfare was at once an admission 
of the superiority of Allied equipment and a tribute to the 
scientific way in which it was used. 

Finally in the air offensive operations which were of such 
importance in the later stages of the war both in the European 
and Pacific theatres, radar was effective in overcoming the 
limitations of weather which at one time threatened to cripple 
the scale of our effort. The number of occasions on which 
aircraft could leave their base in clear weather and find their 
taeget also clear was surprisingly small; in Europe this would 
have restricted useful air operations to some six days a month. 
By providing aids to navigation, new target finding methods 
and blind bombing techniques. of startling precision, radar 
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unshackled the bonds of cloud and weather and allowed the 
final attack to be launched at its full intensity. 


The Special Features of Radar 


The features of radar which make it outstanding are its ability 
to measure distance, its use of radio frequencies which propa- 
gate over considerable distances, and the extraordinarily 
sensitive methods it incorporates for detecting minute quan- 
tities of electromagnetic energy. 

The measurement of distance is accomplished by determining 
the time of transit of a radio wave from its point of origin to 
the targot and back again. The velocity of propagation being 
known, the distance to the target can then be determined in 
miles. The precision of the observation depends on the timing 
accuracy and our knowledge of the velocity of propagation 
of electromagnetic waves in the lower atmosphere. Using 
refined methods, the timing may be as good as 1 in 10° (or 
a few feet in a million miles), but the final accuracy is at present 
limited to 1 in 10% due to variations in atmospheric propaga- 
tion. In practice it has been found relatively easy to measure 
distance to an accuracy of a few hundred yards, while for 
special military purposes a precision of + 20 yards has been 
achieved over a distance of 200 miles. It is now known that 
this can be improved by a further factor of 3 or 4. 

The frequencies which have come into widespread use for 
radar purposes are in the region between 100 and 10000 
megacycles per second, within which band atmospheric attenua- 
tion is negligible. The range of detection therefore extends 
to the line of sight which in the case of high flying aircraft is 
considerable. This line of sight performance is almost  in- 
variant, but is sometimes improved by abnormal refraction 
around the earth’s surface. 

The sensitivity of radar receivers is extraordinary. The 
pulse transmitted power averages about 10° watts, whil: the 
received energy from a target at maximum range may be as 
little as 10! watts. The overall operating efficiency is 
therefore 101° and it is a great tribute to the pioneers of 
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radar that they persisted in their efforts to attain apparently 
impossible ends. ; 

The techniques which have made these achievements 
possible are sometimes new and original, sometimes an exten- 
sion of those common in radio practice. The first tendency 
was to press the upper limit of frequency of operation well 
beyond that found in radio. This process was assisted by the 
fact that operation under pulsed conditions allowed existing 
valves to operate at excess voltage levels and still with low 
dissipation. As a result, many early radar sets were designed 
to operate at frequencies up to 200 megacycles per second 
when the highest frequency in use for radio purposes had 
scarcely gone beyond the 50 to 75 megacycles per second 
region. 

The demands of war for still more refined techniques to 
combat a new threat or meet a new tactical situation accelerated 
this process until it culminated in the development of entirely 
new methods of operating in the centimetre wave region. In 
this field the resonant magnetron stands out as perhaps the 
most brilliant single invention since radar itself. It made 
power outputs of 10° watts available on wavelengths of a few 
centimetres, whereas sorhe years previously 1 watt was a 
notable achievement. Associated with it was the klystron, 
a modified version of which played a great part in all manner 
of radar receivers. 

Other interesting developments arose from the necessity of 
displaying the received information to the radar operator in 
an easily readable form. In ordinary radio practice, signals 
are reproduced aurally. In radar, the small time intervals in- 
-volved—pulse durations of millionths of a second and measure- 
ment of echo delay times of a thousandth of a second—are 
beyond the scope of human senses, and instrumental aids must 
be invoked. The instrument most used for the purpose was 
the cathode ray tube. on the face of which distance and bearing 
or height of the target was displayed in pictorial form. The 
p! 1 sition indicator gave simultaneous distance and bearing 
indications and stands out as the most elegant of a number of 


brite concept It was followed by others such as the 
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range-height display which in meteorological work can give 
results of great practical importance and incidentally of sur- 
passing beauty. 


Those displays are being continually improved and as 
picture resolution increases, it is becoming possible to appreci- 
ate outlines of a target on the radar screen. With further 
development, precise details of form and configuration will 
ultimately be revealed. The process is leading inevitably 
to complete radar vision in which pictures of surrounding 
objects equal to those seen by eye will become possible through 
any weather conditions. 


Further Applications 


Until recently applications of radar have been predominantly 
of a military character, but the technique can also be applied 
to the peacetime activities of mankind. 


Its use as an aid to aviation and marine navigation is 
obvious and developments are already proceeding in this 
direction. Not so well known is that it can be of funda- 
mental importance to the study of meteorology. Changes in 
the weather are caused by variation in the configuration of air 
masses and meteorological research has in the past been 
hampered by an inability to follow these variations in detail. 
The methods of radar may be applied to obtain information 
about the discontinuities between air masses and more par- 
ticularly to determine their horizontal and vertical movements. 
Vertical movement of the air is a basic factor in the formation 
of rain, and radar provides a means of measuring this 
motion, 


The military methods of blind bombing which depend on the 
exact location and control of aircraft from points at the home 
base showed that the accuracy with which the position of an 
aircraft could be fixed was often in excess of that with which 
points on the ground were known by the ordinary methods of 
surveying. It was required to know the exact position of a 
target before it could be attacked, and a substantial re-survey 
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of parts of the European theatre was necessary before this 
type of bombing could be employed. The methods have a 
direct peacetime use in the survey of undeveloped or inacces- 
sible terrain and in the determination of the figure of the earth. 


It has been realised for some time that the sensitivity of 
radar equipment was approaching that which would allow 
echoes to be obtained from the moon, and in January, 1946, 
the United States Army Signal Corps announced the reception 
of such signals with the anticipated lapse time of 2} seconds. 
This is noteworthy as the first step in the sounding of the 
universe and as a check on the velocity of propagation of 
radio waves in outer space. Alternatively, assuming the 
velocity is known, it is the first occasion on which a physical 
distance has been directly measured outside the earth’s atmo- 
sphere. Strictly, the observation which has been made is 
simply the time of transit of a radio wave to the moon and 
back, and the fact that such a measurement is possible may 
have a profound effect on the philosophy upon which our 
theories of the universe are based. 


CHAPTER II 
FUNDAMENTALS 


1. Components of a Radar Set 


THE components of a simple radar set are shown in schematic 
form in Fig. 4. ‘Fhe sequence of events originates in the 







ee 





Figure 4.—Components of an elementary radar set. 


modulator which produces a series of short DC pulses at the 
chosen recurrence frequency. These are converted into radio 
frequency pulses in the transmitter and radiated into space 
from the transmitting aerial. Some of the energy leaks back 
to the receiving aerial whence it is conveyed to the receiver, 
amplified and made to cause a vertical deflection of the cathode 
ray tube spot. This first signal is known in radar terminology 
as the “ direct pulse.”” The greater part of the radiated energy 
travels outwards and that part impinging on hills, ships, waves, 
aircraft etc. is reflected, giving rise to echo signals in the 
receiver which arrive with delay times corresponding to the 
time of travel of the wave to and fro. For clarity in presenta- 
tion only one echo is shown in Fig. 4. 

In order to distinguish the various returned echoes, a hori- 
zontal deflection of the cathode ray tube spot, the time base, 
is superposed giving the characteristic trace depicted in the 


12 A TEXTBOOK OF RADAR (Ch. II 


figure. This trace is repeated each cycle so that it appears 
stationary to the eye. The range of the target is then obtained 
by measurement of the displacement of this echo signal from 
the main pulse. The bearing is obtained by rotating the 
aerial in azimuth to give maximum signal strength. 
Fig. 5 shows schematically a second equipment which 
represents a more modern type of set. It has a single aerial 


oe 
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Figure 5.—Components of a typical radar set. 


for transmitting and receiving and an elegant form of display 
known as the Plan Position Indicator (PPI). 

In order to transmit and receive on the same aerial, a special 
duplexing component known as the TR switch is used. This 
consists of an extremely quick-acting switch which discon- 
nects the receiver during the transmitted pulse and cuts off 
the transmitter for the remainder of the time. 

In the PPI display the time base is radial and starts from 
the centre of the tube. Instead of causing a deflection, an 
echo causes the spot to brighten at the appropriate range. 
The aerial is made to rotate continuously and the time base 
rotates in synchronism with it. As the beam comes on to a 
target, the spot brightens, traces a small are of a circle and 
disappears again as the beam goes off the target. In this way 
each echo gives rise to an elongated bright spot at the appro- 


priate range and azimuth. Ta order to give a more or less 
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permanent pattern on the face of the cathode ray tube, a 
long-delay phosphor is used which has a decay period of the 
same order as that of the aerial rotation. The PPI display 
is most spectacular when used in an airborne radar equipment 
looking at the ground below. A picture of the countryside 
is then drawn on the screen as shown in Plate I. 

The arrangements shown are not exclusive; timing may 
originate in a unit other than the modulator, the aerial may 
be required to search in elevation as well as in azimuth, and 
soon. But the two figures do represent arrangements of real 
radar equipments and serve to illustrate the interrelation 
of radar components with a minimum confusion. 


2. The Echoing Process 


The fundamental equation for the intensity ® of a wave at a 
distance d from a transmitter of power P and aerial gain G in a 
given direction is 

PG 

dad? 

When a wave is incident on a target a certain amount of 
energy is iatercepted. This is partly absorbed and partly 
scattered, but for most radar targets the scattering pre- 
dominates. The directional pattern of the scattered radiation 
is quite complex and varies radically with slight changes in 
orientation. 

We specify the backward scattering or echoing power of an 
object in terms of its “‘ echo cross section’ o for a particular 
orientation and polarisation of incident and scattered waves. 
If the object is in a plane wave of intensity ®,, the intensity 
of the scattered wave in the backward direction ®, at a large 
distance d is given by 


eee (1) 
4d? 
Consequently we may associate ®,o for the echo wave with 
PG for the primary wave and consider ®,o as the product 
of two factors, total power scattered and directional gain of the 
scattered power. 
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In the case of a non-absorbing object large with respect to 
a wavelength the total scattered power is ®,S where 8 is the 
projected area. The case of a large sphere is particularly 
instructive because it scatters equally in all directions, so that 
o =8S. Table 1 gives values of o for some common objects. 

Objects which, for their size, have unusually high values of o 
are tuned half wave dipoles and large flat plates normal to 
the direction of propagation. The former depend on inter- 
cepting a large amount of energy relative to their size ; the 
latter on concentrating the energy intercepted. The enormous 
echo from a large flat surface is restricted to a very small range 
of angles about the normal. If, however, a ray is reflected 
in turn from three planes at right angles, the internal corner 
of a cube, the emergent ray is returned in the same direction 
as the incident ray and the arrangement gives a large echo 
over a considerable range of angles. 


In military practice the targets of most interest are aircraft, 
ships, and topographical features. In each case these are large 
and of complex shape so that the directional diagram is also 
complex. If the target moves, this lobe pattern changes 
continually causing the received echo to undergo deep fading 
which is characteristic of the target. 

Reported measurements of the mean values of o for aircraft 
show great diversity. However a value of from 1 to 10 square 
metres, independent of wavelength in the range 3 to 200 centi- 
metres, yields sensible results when used to calculate the 
performance of radar equipments. 


In the case of ships, practical problems are complicated by 
the fact that the ship extends over a region of grossly varying 
field. An empirical treatment! based on the hypothesis that, 
on the average. the ship structure is complex enough to be 
treated as a “white body ” in the optical sense, appears to * 
give a fairly good approximation. At close ranges where the 
echoes are not reduced helow those for free space, values of o 
J ee Fa ( passed. = An attempt to calculate the echo field 

sions ofan object,” C.8.1.R. Radiophysies Laboratory, 


ie p ay o netober, 1941, and FP. J. Kerr, ** RDF propagation at centi- 
engths, S.LR. Radiophiysies Laboratory, Report RP 177, 












Duxbury Bay, Massachusetts, U.S.A. Height of aircraft. 2,000 fect : 
radius of display, 3 nautical miles (ground range) (see p. 13). 
[By courtesy of Radiation Laboratory, Massachusetts Institute of Technology. 


Prate I.—PPI display in an aircraft over a coast line. 


facing p. 14] 





(a) 1-centimetre radar PPL display. Rain associated with a typhoon 
in the Pacific. : 
[By courtesy of Roya Navy 





(h) S-centimetos radar cane vht display of strata of heavy cloud, 


prestied contain lirge drops, ucar Cambridge, Massachusetts. U.S.A. 


Phe towertny <teitures te the nht of the picture le between 6 and 8 
I Marsachisetts Enstitule of Technology. 
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of about 104 and 105 square metres for destroyers and battle- 
ships respectively have been found. These are enormously 
greater than those for aircraft. 

Echoes from topographical features, hills, buildings etc. 
are normally encountered in profusion on all radar sets. In 
all except sets intended for navigational purposes they con- 
stitute a nuisance. At oblique incidence echoes from land 
are much greater than from water so that a coastline presents 
a well defined boundary. Over flat country the echoes re- 
turned from cities frequently stand out above others, and this 
fact was utilised in navigational radar equipments during 
the bombing of Germany. 


3. The Free Space Radar Equation 


To derive this equation we require certain aerial relations 
which are given a more complete treatment in Chapter VIII. 

A useful figure of merit for the sensitivity of an aerial is 
its gain @. For a given polarisation, it is defined as the ratio 
of the power required by an isotropic radiator to produce a 
certain field at a distant point, to the power required by the 
aerial. A similar definition exists for a receiving aerial and 
the gain is identical for receiving and transmitting. If losses 
are negligible, it depends only on the directional diagram and 
is then equal to the directivity. 

A similar quantity, useful in the case of a receiving aerial, 
is the “absorption cross section”’ A for the given direction 
and polarisation. If the aerial is placed in a field of intensity 
® and it delivers power P to a matched load, then A is defined 

y 


' A = P/®. (2) 
For any aerial 
G 4x 
= 74. (3) 


It is usual 
radiation. 
For br 


and unify 


to define G and A for the direction of maximum 






sae ials large with respect to the wavelength 
ihiminated in phase and amplitude over their 
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entire surface, A is equal to the area independently of the 
wavelength. In practice, due to non-uniform illumination, 
A is always less than the area, the factor being about 0-6 for 
common aerials and dropping to very low values for serials 
designed to have peculiar diagrams. 

For aerials of similar design, equation (3) indicates that 
the gain for a fixed aperture is inversely proportional to the 
square of wavelength. In the case of broadside aerials this is 
associated with a beam width given roughly by A/a radians 
where a is the width of the aperture in the relevant direction. 

Now let 

P = transmitter power delivered to aerial (watts), 

p = received power delivered to receiver (watts), 

Pp, = minimum detectable signal (watts), 

G = aerial gain (Gp transmitting, Gp receiving), 
A 
@ 
® 


aerial absorption cross section (Ay transmitting, 

Ap receiving) (square metres), 

> = intensity of primary wave at target (watts per 
square metre), 

, = intensity of echo wave at receiving aerial (watts 

per square metre), 


o = target echo cross section (square metres), 
d = target distance (metres), 
d, = ultimate range on particular target (metres). 


In free space the primary wave intensity at the target is 
given by 
_ PG 
° 4nd? 
the scattered wave intensity at the receiving aerial by 
oP 
o, = — 
4d? 
and the power delivered to the receiver by 
p = Ap®. 








Hence 
_ ApoPGp 
P* (Anu?) 
It is convenient to use this equation to specify ultimate range 
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d, of a radar equipment for a particular target. Then da 
becomes d,, p becomes p,, and in addition we use equation (3) 
to eliminate either A or G, giving 

P Ap Azo . P A*o 


d,t == 


p, dn p, Sak ( 





or 
= P. GpGplto 0 P aie (5) 

Po (42) Po (4z)° 
where in each case the second equation refers to the usual 
single aerial case. 

These are the basic free space radar equations. 

It is noteworthy that, because of the twice repeated diver- 
gence of energy in radar, d, varies as the fourth root of P/po. 
Consequently great increases in power pay small dividends in 
increased range. Aerial aperture is a more important range 
controlling factor, d, being proportional to the linear dimensions 
for similar aerial types. 

The variation of ultimate range with wavelength requires 
careful consideration. When the limit to aerial gain is set 
by the physical size of the aerial, equation (4) applies and d, 
is inversely proportional to V 2. In certain cases however the 
aerial is required to have a specified polar diagram so that G, 
not A, is fixed. Equation (5) then applies and d, is, in contrast, 
directly proportional to’ V 2. 

These equations suggest that a useful figure of merit for the 
sensitivity of a radar set is the calculated value of d, for unit 
echo cross section. It is particularly apt because the effective 
echo cross section of an aircraft appears to be of the order of 
one square metre, so that values of d, calculated in m.k.s. units 
give approximately correct ranges to aireraft. 


d,s 


Numerical Values 


In these equations all quantities concerning the radar equip- 
ment are measured and specified except for the minimum 
detectable signal p,. This depends on the noise generated in 
the receiver and on display factors which usually permit 
detection of a signal about equal to the receiver noise power 
referred to the input terminal. Table 2 gives these quantities 
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for a few typical radar sets, p, being estimated in the manner 
indicated above, together with calculated values of d, and 
observed ultimate ranges of aircraft. ‘ 


Coverage 

For a stationary aerial and a given target, the ultimate range 
in different directions varies owing to the directivity of the 
aerial. The locus of points at which the target gives a just 
detectable signal is a surface in space known as the “‘ coverage 
diagram ” of the system. 

This diagram is geometrically similar to the polar diagram 
of the aerial expressed in field strength, not power. This is 
readily seen since, in a direction in which field is reduced by the 
factor a in Fig. 6, echo field is reduced in the ratio a* and 


QV 
4) 


Figure 6.—Coverage dia i is i i 
e 6 gram of an equipment. This is geometricall 
similar to the polar diagram of the aerial expressed is waite: z 


echo power in the ratio a4, Consequently range is reduced by 
the factor (a‘)# which equals a. The coverage diagram is 
simply a special contour of a family which gives equal echo 
strengths and also equal primary fields at the target. 

It is clear that the requirement of a specific coverage diagram 
for a given target defines the aerial gain and hence fie a given 
wavelensth the power ratio P/p,. From equation (5) it 
follows that this ratio is inversely proportional to 22. This 
result is at first surprising but is related to the greater area 


and absorption cross secti 
. , cross section of longer wav i 
siveh: sain, ger wave aerials for the 


ri 
Mhis power ratio i 
power ratio Is not exactly related to volume or cross 
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sectional area of a coverage diagram but a very useful approxi- 
mation exists in the case of a so called * rectangular” aerial. 
In this case iP 
Po 
where S is the area of the section of the coverage diagram cut 
by a plane through the aerial parallel to one or other side.? 
This concept, presented for a stationary aerial, can be 
extended to cover aerials which scan by inserting factors to 
cover the loss of sensitivity arising from the scanning process. 
A useful application is to the case of an air warning radar set 
with an aerial which rotates about a vertical axis. In order 
to detect aircraft at appreciable angles of elevation the vertical 
section of the diagram must be wide. If it is too wide the aerial 
gain and hence ultimate range will be unduly decreased. 
Equation (6) indicates the actual relationship, S being the 
vertical section of the coverage diagram. If, for example, 
the vertical coverage is to be everywhere doubled by adjust- 
ment of the vertical aerial diagram alone, the horizontal 
cover or range will be halved in order to maintain the vertical 
section constant. Alternatively if we wish to maintain the 
ultimate range by increase of power, the required increase 
will be proportional to .S?, or + times. 


o S? (G) 


4. Normal Propagation 

We shall now consider the departures from free space propaga- 
tion which occur in practice due to the presence of the earth. 

The earth gives rise to a ground refleeted wave which reacts 
with the direct wave and produces an interference pattern 
in the region above the horizon. Below the horizon there is a 
shadow region into which some energy passes by diffraction. 
The field above the horizon may be evaluated fairly accurately 
from “ ray theory ” but this method fails in the shadow region. 
Fortunately radar signals, unlike one-way signals, are usually 
beyond the limit of detection in this latter region so that most 
cases can be treated without invoking the full wave theory. 

The ray theory concept is that the field at a distant point 
is the resultant of a direct ray and one or more rays reflected 


2J. L. Pawsey, ** Considerations concerning radar coverage diagrams,” 
S.1.R. Radiophysies Laboratory, Report RP 217, August, 1944. 
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a 


from the earth according to the laws of geometrical optics. 
In the case of transmission over a smooth surface such as the 
sea there is a single reflected ray as indicated in Fig. 7. 







Aerial 


| 


hy 


a —“X—>—|—# 


Figure 7.—Direct and reflected rays giving rise to interference phenomena 
above the horizon. 


As the point P is raised the path difference increases and 
the field goes through a succession of interference maxima and 
minima. If the relative amplitudes a, and a, of the rays 
leaving the aerial are equal, then the maxima are of magnitude 
1+|k| and the minima 1—|k| relative to the free space 
fields where & is the reflection coefficient. In the case of 
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Figure 8.—Normal coverage diagram in presence of the earth. 

the sea k is very nearly equal to —1 for both vertical and 
horizont: arisati : smi i 
ion a polaris ation at small angles of elevation. The 
sas coverage diagram is therefore modified in the way 
Indicated in Fie. S. a serie 4S i i 

ed ig. 8. a series of lobes being formed with the 
first minimum on the surface, 


The range of detection in the 
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middle of the lobes is almost doubled but at the expense of 
gaps in coverage. 


Referring again to Fig. 7, if atmospheric refraction and 
earth curvature are neglected, the path difference 4 between 
the direct and reflected rays for h, and h, much less than d, is 
given by 4 alah 

d 


For a reflection coefficient of —1, the resulting field strength for 
one-way transmission is modified by the factor 2 sin 27h h/Ad 
which has a zero at the surface, and for low heights increases 
linearly with height. In this region, writing the angle for 
its sine, the modified form of the basic radar equation (+) 
becomes P 


die (= y Ata 
oie NEADS 4x7? 


oF is P (42)3 hyh,' - A®o 
a= — ———— . 
Be 48 











[t is of interest that d, is proportional to (P/p,)', Ai’, hz! 
and to 27. For constant aerial gain, equation (5) applies 
and d, is proportional to 2~4. It is not permissible to neglect 
earth curvature except at rather short range, so that these 
equations are restricted in application. The theory for a 
spherical earth has been discussed by Jaeger.* It is found 
that as for a flat earth, the range of detection at low heights 
is greatly enhanced by the use of microwaves and by increasing 
aerial height. 

The above treatment is applicable to propagation over the 
sea or smooth ground. Propagation over irregular ground is 
very complex. 


Normal] Refraction 

So far we have neglected effects due to refraction. These 
occur even in a normal atmosphere as the refractive index 
decreases with height and so tends to bend rays downward. 


3. C. Jaeger, ‘** Theory of the vertical field pattern for RDF stations,’ 
C.S.1.R. Radiophysics Laboratory, Report RP 174, March, 1943. 
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If the gradient of refractive index with height is uniform, its 
effect can be treated elegantly by a method due to Schelling, 
Burrows and Ferrell,* in which the coordinate system is trans- 
formed so that rays travel rectilinearly and the effective radius 





Range in Miles 50 


Wavelength :— 150 centimetres, Aerial height :- 100 feet 





Range in Miles 50 


Wavelength :- 10 centimetres. Aerial height - 33 feet 


Figuro 9.—Typical shipboard radar coverage diagrams. 


of the earth is modified. This is usually a good approximation 
using an effective radius increased in the ratio 4/3. There is 
evidence! that for low heights over the sea, especially in warm 
climates, a factor of 2/1 gives better results, 


In Fig. 9 are shown vertical sections of typical shipboard 
sitar coverage diagrams on 1-5 metres and 10 centimetres 


. Scheiling, CLR. 


Burrows and BE. “ Ultra- 
siepeuntion eet hie urrows and E. B. Ferrell, ‘‘ Ultra-short wave 


Vol. 21, March, 1933, pp. 427-63. 
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from which are apparent the outstanding features of increased 
number of lobes and decreased height of the bottom lobe with 
reduced wavelength. Land-based air warning equipments 
employ larger aerials, and ranges of detection of aircraft from 
70 to 200 miles are usual. 


5. Superrefraction 


We have already mentioned that the normal atmosphere, 
because of its greater density near the ground, causes some 
bending of rays around the earth. This causes an increase of 
signal at points near to and beyond the horizon. It is quite 
common for this effect to be accentuated markedly by the 
presence of low lying masses of optically dense air. Under 
these conditions, ships, low flying aircraft, and land are often 
seen at distances up to one or two hundred miles by radar 
sets which have normal ranges of perhaps 20 miles. The 
phenomenon is known as_ superrefraction. The converse 
condition in which signals from low lying objects are reduced 
oceurs but is less common. 

Superrefraction has been studied extensively and a_ theory 
due to Booker’ gives a good qualitative explanation of the 
phenomena, Such confirmatory measurements as have been 
made do not show good quantitative agreement, however, and 
it is not clear whether this is due to the paucity and complexity 
of the data or to the omission of an essential factor such as 
heterogeneity of the atmosphere. 

The refractive index of air for most radar wavelengths 
differs from that for light in that water vapour is much more 
refracting in the former case. The collapse of diclectric 
constant of water from SI at long wavelengths to about 1-7 
at light wavelengths docs not commence till near the absorption 
band at 1-2 centimetres. Consequently humidity plays a 
very important part in superrefraction. 

5H. G. Booker, ** Theory of anomalous propagation in the troposphere 


and its relation to waveguides and diffraction,” Telecommunications Research 
Establishment, Report M-60, April, 1943. 


R—2, 
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The index of refraction of moist air n is given by the semi- 
empirical formula 


79P, . 380,000e\ ._ 
n=1 +f Tp + BOO" Lo . 


where P, = partial pressure of dry air (millibars), e = partial 
pressure of water vapour (millibars), 7 = temperature (degrees 
Kelvin). We shall tentatively use ray theory and note that 
bending of rays is caused by gradients of refractive index. 
Quantitatively, for nearly horizontal rays the curvature y of 
the ray can be shown to equal the vertical gradient of refractive 








Figure 10.—Passage of a ray through horizontally stratified dielectric. 


index as follows. Referring to Fig. 10 which depicts a ray 


passing through a horizontally stratified medium, Snell’s law 
gives 


cos (x + Ax) _ n 
cos a 2 + dn 


For small values of « and n approximately unity this gives 


1 —4(x% + Ax)? 
= —— 
An 4 l— ie +1—«de. 
Substituting Ah/Ax for « and rearranging gives 
dn Aa 
ih Az” 


as stated in words above, 
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If we transform coordinates so that the earth is flat a ray 
will have a net curvature y,, away from the transformed earth, 
given by 

dn ] 
UJ => = 
vi th 


where a is the radius of the earth. This transformation is 
illustrated in Fig. 11. We could, from measurements of 


ant 
{2 tere ab: x9, 
ah 
=+ WIVITTITITTT STITT 
o 
(a) (b) 


Figure 11.—Transformation to a flat earth. The symbols indicate curva- 
tures away from the earth. 


temperature and humidity over a range of heights, calculate 
n for each height, deduce dn/dh, and by adding 1/a determine 
whether a ray was being bent towards or away from the earth. 
The standard procedure now adopted is to introduce a new 
quantity, the “ modified refractive index” JZ, defined by 


M = [ =) +2] 108, 


where h is the height above an arbitrary datum. Modified 
refractive index is plotted against height. The slope dM/dh 
of this line then defines the relative ray curvature y,, since 


dM dn ‘) ; ; 
a -Git; 108 = 108 x y,. 


In the formula defining J/, the 1 and the 108 are introduced in 
order to give M values convenient for plotting (J/ is in typical 
cases about 300). In order to clarify the effect of positive 
and negative gradients of J/, Fig. 12 illustrates ray paths for 
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the two simple cases of constant M gradient, (a) positive, 
(b) negative. If mean values of the variation of temperature 
and humidity with height are taken, as in the specification of 
the NACAS® standard atmosphere, it is found that M varies 
approximately linearly with height, as in Fig. 12 (a), up to a 
considerable height. The gradient dM/dh is about + 35 per 
1000 feet and the effective earth’s radius is increased to 4/3 





Effective horizon 


(a) 


Transmitter 





(b) 


Figure 12.—Ray paths and M-h curves for 
) M- S constant 
(a) dM/dh positive. (b) dM/dh aati, ee ene 


of its value neglecting refraction. As in the case without 
hee there is a definite tangent ray and no ray can, on 
lis restricted theory, penetrate i : io 
Vi, into the shadow re 
the radio horizon. See 
: ett of Fig. 12 (h) is in marked contrast in that rays 
ire being continually bent towards the earth and no shadow is 
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tables and data,” National i 
‘nical Report No. 218, 1925. Re 
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formed. This negative gradient of Jf cannot persist to great 
heights because the refractive index at the surface only exceeds 
unity by a small amount and cannot decrease below unity. 
Nevertheless it is only necessary for the radar set to be within 
the region of negative gradient for nearly horizontal rays to be 
prevented from escaping. This is illustrated in Fig. 13. 





Figure 13.—Ray paths and M-h curve for simple duct with base on surface. 


This phenomenon, which does not depend on the precise 
shape of the Mf curve but only on the location of the trans- 
mitter within a region of negative J gradient, is known as 
trapping. The region of negative gradient is known as a duct. 
A duct acts as a waveguide in guiding energy along its length 
from a source within it. 


We have however omitted an important factor in treating 
the phenomenon from the point of view of geometrical optics. 
The theory is invalid if the structure is not large with respect 
to the wavelength. In this case the wavelength concerned is 
the vertical distance between successive points of equal phase, 
2 cosec «, Where « is the angle of elevation. For nearly hori- 
zontal rays this can be large and in consequence situations 
showing negative M gradients will only produce substantial 
trapping if they extend over an adequate height for the wave- 
length concerned. The required value depends on detailed 
structure, but as a guide, 50 feet at a wavelength of 10 centi- 
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metres, and 750 feet at 150 centimetres are effective. Ducts 
which are not thick enough for the wavelength behave as 
leaky waveguides. 


The case considered so far is that of a duct on the surface. 
Under certain conditions, the shape of the M curve may be 
complex giving rise to an elevated duct as illustrated in Fig. 14. 





Figure 14.—M-h curve for elevated duct. 


A great many measurements have been made of humidity 
and temperature of the air in the first few thousand feet above 
ground using aircraft, kites and tethered balloons and attempts 
have been made to relate these to radio measurements. In 
seneral it has been shown that the existence of pronounced 
superrefraction is associated with regions of negative dM /dh 
and there is good qualitative agreement between theory and 
experiment. On a quantitative basis there still remains some 


‘ : . 

doubt but the subject is made very difficult by the usual 
COomplontive of + ‘teor i e 

Ourploxity re ‘ incteorological phenomenon. Normal con- 
Sib ons are y 


Sen ei ae ih ; 
ried in Pig. 15 (aj, and conditions associated 


§5) FUNDAMENTALS 31 


with moderate superrefraction in Fig. 15 (b). The modification 
to a vertical coverage diagram which results from super- 
refraction is shown diagrammatically in Fig. 16. 


Height Thous. Feet 





9 380 480 420 440 
M M 
(a) (b) 
fOom 29-144 4pm 16:10:44 
15 miles NW of Darwin 30 miles NW of Darwin 


Figure 15.—Experimental M-h curves over sea near Darwin. (a) Typical 
normal atmosphere associated with onset of north-west monsoon. 
(b) Example of elevated duct (causing superrefraction) associated with 
sea breeze. 

[From C.S.1.R. Radiophysics Laboratory, Report RP 260, 1945. 


No superrefraction 





Figure 16.—Modification during superrofraction to bottom lobe of vertical 
coverage diagram of 1°5 metre radar due to surface duct of moderate 
strength. Higher lobes are not seriously modified. 

Superrefraction occurs frequently in many parts of the world, 
It is caused when meteorological conditions are such that 
relatively cold or damp air underlies warm dry air. The 
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situation which has received most attention following the 
pioneer work of Booker and Woodward’ is the off-shore stream- 
ing of relatively hot dry air over the sea. Evaporation takes 
place and if the air was originally warmer than the sea it cools 
and is convectively stable, so that a blanket of cool humid 
air is formed at the surface. This condition is most frequently 
developed when trade winds blow from a desert over the 
ocean, and spectacular examples are known to occur off the 
coasts of the Sahara Desert, Arabia and north-west Australia. 


A second important coastal mechanism giving rise to super- 
refraction in temperate latitudes is that known as “the 
coastal front ’’ by Australian meteorologists. It is essentially 
the sea breeze mechanism (bringing in sea air under the con- 
tinental air) engendered by a considerable contrast in tempera- 
ture between land and sea. When well developed off a con- 
tinental coast the effect can persist throughout both day and 
night. It occurs when the motion of the continental air mass 
brings hot dry air to the coast so that the general meteorological 
situation is similar to that for off-shore streaming described 
above, but differing in that the local winds are on shore and 
not off shore. This mechanism is predominant on temperate 
coasts, as for example off the southern half of Australia in 
summer. Both these mechanisms show a diurnal variation 
with an afternoon and evening maximum. 


Over land, superrefraction can be as pronounced as at sea. 
It occurs at night and is due to the cooling of the land and 
lower levels of the atmosphere by radiation. It occurs prin- 
cipally during fine cloudless nights and the detailed mechanism 
is complicated by evaporation from or deposition of dew on 
the ground and has not been extensively studied. It is of 
some interest that such a radiation inversion ¢ 


nie it an cause super- 
refraction over the sea as it blows outward, 


: Pilte Sh. in ward, -* Application of diffusion theory to radio superrefrac- 
tom cessed Dy adcertionc? y 


elrcommuimnications Researe Js i 
Report P MWAT. April, 194, NEES SaSOeSCty Eee bay Meier 
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These three mechanisms tend to give ducts of the order of 
1,000 feet in height and tend to influence radar propagation 
similarly in the range of wavelengths from 3 to 150 centimetres. 


Over the sub-tropical oceans of the world in the region of 
the trade winds a further mechanism is operative. The air is 
blowing into regions receiving increasing amounts of solar 
energy. This energy is chiefly effective in evaporating water. 
Consequently a layer of humid air is formed over the ocean. 
When the wind is weak the layer of excess humidity is very 
shallow ; when strong, increased turbulence increases the 
thickness of the layer. The height of the duct so formed is 
roughly proportional to wind speed and is about 40 feet for 
a 10 knot breeze. These ducts cause pronounced super- 
refraction but only at short wavelengths. Radar sets on 3 
and 10 centimetres show marked effects more particularly 
if the aerial is low so that it lies in the duct. 


Under normal atmospheric conditions echoes from ships or 
land are seen on powerful surface radar equipments up to 
distances of 20 to 40 miles. Superrefraction which increases 
these distances to 100 to 200 miles is common, occurring near 
warm temperate coasts perhaps one tenth of the total time. 
Less frequently and only in favourable localities much more 
spectacular increases are observed. Thus 1-5 metre air 
warning sets near Darwin, Australia, report echoes from the 
coast of Timor, 300 to 500 miles distant, several times a month.* 
A similar equipment near Broome in north-west Australia 
reported echoes in November, 1944, from the coast of Java 
900 to 1,100 miles away. 


Intense superrefraction also occurs in the Arabian Sea. 
Echoes on 1-5 metres from a number of places on the coast 
8p, J. Kerr and J. K. Strachan, ** Systematic observations on extra long 


range echoes in the Darwin region,’ C.S.1.R. Radiophysics Laboratory, 
Report RP 259/1, August, 1945. 
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from Aden to Karachi have been obtained from Bombay at 
distances up to about 1,500 miles.® 


Ranges of detection of ships which are normally of the order 
of 20 miles are, similarly, frequently increased to 100 miles. 
It is unusual for a range greater than 200 miles to be reported 
but an extreme range of 700 miles has been reported from Bom- 
bay. 


Normal ranges of detection of aircraft at medium heights 
are not so severely limited by the shadowing effect of the earth 
as those of surface targets, and range increases due to super- 
refraction are relatively less. The usual effect is an increase 
of range on low flying aircraft to 100 or 200 miles and it is 
suspected, but not proved, that this is associated with some 
reduction of range to high flying aircraft. Occasional in- 
creases of range are reported greatly beyond the normal even 
for high flying aircraft. Thus in February, 1944, the air 
warning station at Geraldton, West Australia, followed a 
Catalina flying boat, outward bound from Perth to Colombo, 
almost continuously out to a distance of 800 miles.1° 


It is noteworthy that all the above outstanding increases 
of range of detection have been obtained on 1:5 metres, but it is 
not clear whether this should be attributed to specially favour- 
able propagation or to the particular distribution of radar 
equipments from which reports are available. 


6. Atmospheric Absorption 


Absorption in air at ordinary radio frequencies is negligible 


but at the highest frequencies used in radar, this is not so.1 
=f 3 A Booker, ** Outline of radio climatology in India and vicinity,” 
Je UEnaReON Research Establishment, Report M.85, September, 
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. Further theoretical investigations on the atmospheric 
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Two atmospheric gases, oxygen and water vapour, show 
absorption which may be regarded as due to extreme infra red 
absorption bands associated with the magnetic dipole moment 
of oxygen and the electric moment of water. Fig. 17 gives 
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Figure 17.—Absorption in atmospheric gases (ono way attenuation). 

(a2) Water vapour of partial pressure 7-6 millimetres of mercury. 

(b) Oxygen in a normal atmosphere of total pressure 76 centimetros of 
mercury. 


theoretical attenuation figures for a typical atmosphere. The 
attenuations are proportional to the partial pressures of the 
respective gases and are not rapidly varying with temperature. 

The attenuation will be highest in the tropics and may reach 
about 0°1 decibels per kilometre at a wavelength of 3 centi- 
metres and 0°5 decibels at 1-2 centimetres, the centre of the 
water vapour absorption band. 

The atmosphere may also carry solid or liquid particles in 
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the form of fog, cloud, rain etc. and, as in the case of light, 
these particles cause scattering and absorption. The absorp- 
tion is trivial in the case of the longer radar wavelengths but is 
large in the one centimetre region. Fig. 18 gives estimated 


in db/km 


Attenuation 














Figure 18.—Attenuation, one way, due to rain. (a) Moderate rain 
(6 millimetres per hour of known drop size distributiori). (+) Rain of cloud 
burst proportion (43 millimetres per hour of known drop size distribution). 


values for moderate and extremely heavy rain. 


Values for 
cloud are much less. 


A rough generalisation is that attenuation 
due to rain becomes appreciable at a wavelength of about 
10 centimetres, that due to cloud at 1 to 3 centimetres. 


Mor drops which are sinall with respect to the wavelength 


th absorption is proportional to the total water content per 
unit) volume. 
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7. Atmospheric Scattering 


In a manner analogous to that in which light is scattered by 
fine dust particles, radar waves are scattered by rain drops.)? 
The amount of scattering from heavy rain is adequate to 
produce echoes on powerful 1°5 metre sets and is very large 
on microwave equipments. Excepting for very large drops 
at the shortest wavelengths, the echo power reflected from a 
single drop obeys Rayleigh’s law, being proportional to D®&//4 
where D is the diameter. Consequently for uniform rain of 
density N drops per unit volume, the total energy returned is 
proportional to N D® which may be considered as the product 
of total mass Of water per unit volume and mass of a single 
drop. It is therefore sensitive to drop size whereas attenuation 
is not. 


If on the other hand we vary wavelength the echo intensity 
does not usually show a simple dependence on 1/A* because we 
usually simultaneously vary a number of other controlling 
factors, such as aerial gain, pulse length, etc. 


Because echoes are adequately intense and absorption not 
excessive, microwave radar equipments can be used to observe 
the structure of rain clouds in a way which is not possible by 
eye owing to the heavy attenuation of light. Plate II (a) shows 
the distribution of heavy rain echoes obtained during a typhoon. 
It is a photograph of the PPI display of a medium power 
10 centimetre radar set on a ship located about 40 miles from 
the “eye” of the typhoon which is clearly visible. 


Plate II (b) shows not a plan view but an elevation of a 
less spectacular cloud formation obtained on a 3 centimetre 
equipment with an RHI (range-height-indication) display. 


12, J. W. Ryde, ‘Echo intensities and attenuation due to clouds, rain, hail, 
sand and dust storms at centimetre wavelengths,’ General Electric Company 
(Wembley), Report 7831, October, 1941. 


CHAPTER III 
THE MAGNETRON 


1. Early Magnetrons 


For many years prior to 1946 the magnetron was studied 
and used as a generator of high frequency oscillations. Its 
construction followed the well known lines of a cylindrical 
anode surrounding a filamentary cathode, and it operated in 
an axial magnetic field. In many cases the anode was split 
into two or four segments, a typical design being shown in 
Plate III (a). 

Such devices were used to excite oscillatory circuits of 
the Lecher wire type connected between filament and anode, 
or between anode segments, and power was generated at 
wavelengths between one metre and one centimetre approxi- 
mately. 

It was known that there was more than one mechanism 
whereby oscillations were produced, and most interest centred 
on the generation of power at the shortest wavelengths where 
the principle of operation was least understood. Much in- 
genuity was used and there were many variations in design ; 
but it cannot be said that startling results were forthcoming 
in the range of wavelengths around 10 centimetres in which 
we are at present interested.t 

Some typical results obtained at the shortest wavelengths 
will now be noted. Rice,? using a single anode magnetron, 
produced 3 watts at a wavelength of 4°8 centimetres, the 
efliciency being only 1 per cent. Cleeton and Williams? 
produced very low powers at wavelengths of 1:87, 1:22, and 


; ‘A cusetul review of early work, with a bibliography, is given by A. F, 
ses Hak Freneney Vhermionic Tubes, Chapman and Hall, London, 
WW. Dice,“ Transiuis-ior and reception of centimetre radio waves,” 
; rm, Vol 39, 1838. pp. 363-68. 
tereand NHL Willan 


~The shortest continuous radio waves,” 


Th, » Vol SO, November, 2936, p. 1091. 





(a) Early * split anode” magnetron. 





4 


(b) Left-—Machined copper anode used in first Birmingham magnetron. 
Right.—The first Birmingham magnetron assembled. 
[By courtesy of Professor Oliphant, Physics Department, University of Birmingham. 
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0-64 centimetres. Linder! with two different designs working 
at about 10 centimetres, produced powers of 2-5 watts (12 per 
cent efficiency), and 13 watts (20 per cent efficiency). 


In view of developments to be described we shall not dwell 
on pre-war work on the magnetron except to glance at the 
design used by Rice, which is shown diagrammatically in 


‘Tungsten lead 







Gloss stem 


“glass seal 


Figure 19.—Single anode magnetron—as used by Rice (1936). 


Fig. 19, and the anode used by Linder, Fig. 20. The Rice 
magnetron was designed so that the anode formed part of a 
coaxial transmission line resonator, while the anode of the 
Linder magnetron was split so as to form part of a two-wire 
transmission line resonator. These were both attempts to 


— age 
a 


Figure 20.—Magnetron anodo system—as used by Linder (1939). 


resolve the conflict between high power which requires large 
dimensions, and short wavelength which requires the opposite. 
We will now sce how this problem was finally solved. 


4B. G. Linder, °° Description and characteristics of the end-plate magne- 


tron,” Proc. JW... Vol. 24, Part 1, 1936, p. 633-53 ; and ** The anode-tank- 
cireuit magnetron, Pree. 


ILR.E., Vol. 27, 1939, pp. 732-38. 
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2. The Resonator Magnetron 


The modern high-power magnetron was developed in the’ 
Physics Department of the University of Birmingham, with 
the co-operation of the General Electric Company (Wembley), 
as part of a nationally inspired programme of work on wireless 
waves of a frequency of 3000 megacycles per second and 
greater. We shall briefly describe this very remarkable 
achievement, and in doing so we cannot do better than quote 
from Oliphant’s foreword to the report which describes the 
original work.® 

“ An examination of the very recent literature and of first 
principles showed that the only hope for producing efficient 
generators was to combine generator and circuit in a single 
unit, and that the circuit should be one of high efficiency 
made from the best possible electrical conductors. Accord- 
ingly, a programme was drawn up for detailed investigation 
of the velocity modulation methods which had just been 
published using efficient *rhumbatron’ resonators, while a 
paper by Rice in the General Electric Review for 1936 which 
describes a transmission line type of magnetron, encouraged 
us to investigate the possibility of introducing rhumbatron. 
technique to improve the circuit of the magnetron. A very 
superficial examination of existing magnetron devices showed 
that circuits were made of highly resistant materials, and in a 
form where radiative and resistive damping seriously reduced 
the efficiency, Plans were drawn up of possible trial apparatus 
and the work was entrusted to Dr. Randall and Mr. Boot. 
They found it was not at all easy to transform the existing 
types of resonator rhumbatrons for use in the magnetron, 
where a cylindrical symmetry was desirable, and with con- 
siderable insight decided to try the less efficient cylindrical 
form of resonator. which was at once successful. The general 
ideas formed at that time with regard to mode of action and 
general construction have been a little modified by subsequent 
work. though what was rather a crude laboratory instrument 

dT. Randall, He. He Boot and 8. M. Duke, ‘ 


In the University of Birminehorn.? 
Report, Department of Sowntifie FH 





: ) * Magnetron development 
Co-ordination of Valve Development 
esearch and Experiment, Admiralty, 1941. 
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was transformed through the experience of the Research 
Laboratories of the General Electric Company into a valve 
of great simplicity which was easily manufactured and was 
reliable enough for service use.” 

The first valve produced is shown in Plate III (6). The 
anode system with its six cylindrical resonators was machined 
out of a solid copper block, the block itself with metal end- 
plates forming the main valve envelope. The resonator 
size was determined on the basis of the Hertzian dipole ring 
for which 4 = 7-94d, where d is the diameter of the ring. Power 
was taken out through a coaxial seal terminating in a coupling 
loop in one of the resonators. The cathode was a pure tungsten 
filament 0°75 millimetres in diameter, This arrangement 
provided an immediate solution to the pressing high-power 
magnetron problem. It introduced high Q resonant circuits 
of the right size and permitted high anode dissipation. Glass 
bombardment by electrons escaping from the ends of the anode 
did not exist. 

This magnetron, running on the pumps, worked for the first 
time on February 21st, 1940. Approximately half a kilowatt 
of power at 10 centimetres was generated, the power input 
being 4 kilowatts. This was a tremendous advance over the 
performance of any previous magnetron. The anode voltage 
was 8,000 and the magnetic field 0-11 webers per square metre 
(1100 gauss). The anode block dimensions were : resonator 
diameter 1*2 centimetres, anode diameter 1-2 centimetres. 
slot width 0-1 centimetres, and slot length 0-1 centimetres, 

The next step was the construction of sealed-off tubes, 
which was made possible by the use of the General Electric 
Company gold-ring seal to be described later, An indirectly 
heated, oxide coated cathode was also added and this made a 
material improvement in efficiency. Developments were 
rapid and large numbers of magnetrons of various operating 
frequencies and powers were made, and used by the Armed 
Services in subsequent years. Production and development 
of these tubes was carried out in laboratories and factories 
throughout the English-speaking world, including Australia. 

Information from other countries is at present meagre, but 
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there is evidence of advanced Russian work in this field. It is 
also known that much work as yet unreported in detail was 
done in Japan and Germany. Magnetrons designed in those 
countries used resonator systems somewhat similar to the one 
described above, but mounted in large glass envelopes. They 
performed badly, and were difficult to construct.’ 


3. Theory of Magnetron Operation 


Before describing further developments, let us see if we can 
form some picture of how these magnetrons work. Following 
a useful discussion by Slater® we shall consider electron motions 
in the simple case of a plane magnetron with suitably arranged 
electric and magnetic fields. Space charge effects will be 
ignored and initial electron velocity will be taken as zero. 

Referring to the conditions of Fig. 21, simple analysis 


x Axis —- 


Electric field E ——= 





Cathode Y Ais — 


Magnetic field normal to plane of Paper 


Figure 21.—Electron paths in steady crossed electric and magnetic fields. 


shows that the electron paths are cycloids traced out by a point 
ona circle of radius R = mE /e B? rolling along with angular 
velocity = Be/m and with linear speed E/B, where e and m 


ON . ey - i 
f ae F. Ae and os D. Malairov, ** Generation of high-power oscillation 
rith a magnetron in the centimetre band,” Pro ty Vi 2 
i eee c. I.R.E., Vol. 32, March, 
at \ study of the literature, including patents, shows that some of the ideas 
em vodied in the Birmingham magnetron, including the association of cavity 
re koliakiats with number of segments, had occurred to previous workers at 
ove time oranother, Credit must be given to the Birmingham group however, 


for ' I et yprnent nel construction of the first practical high-power magnet- 
Meee pie ‘ ‘nz a whole series of sturdy valves operating over 
enuths om oon ntimetres ti x v 
toate s, and generating peak powers up to 






* Theory ' th) siounetron oscillator,’ Massachusetts Institute 
wdhintion Laboritory, Report, August, 1941, 
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are the charge and mass of the electron, E is the electric field 
_ Strength and B is the magnetic flux density. Three paths are 
indicated for different values of E/ B?. 

It is noteworthy that at the cusps near the cathode plane the 
kinetic energy of the electron is zero, whereas at the top of the 
path the work done by the field on the electron appears as 
kinetic energy. It is also useful to remember that with respect 
to axes moving along at speed #/B, the coordinates of the 
electron’s position at any time can be written 


X' = R cosoat, Y’ = R sinat. 


Suppose that there is superimposed on the steady electric 
field a harmonic electric field of a period equal to 227/w the 
period of rotation of the electron. The electron paths can be 
computed by direct solution of the equations of motion, but: 
all we require here is a qualitative idea of these paths which can 
be obtained by thinking of the effects of the sinusoidal field 
on the simple harmonic components of the electron’s motion. 
When the field is in phase with those components, the rotational 
motion of the electron is built up as the field does work upon 
it, while a field opposite in phase will slow down the rotational 
motion. Picturing only the first few cycles of either case, 
the paths shown in Fig. 22 are obtained. The energy exchanges 
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Figuro 22.—Electron paths in crossed electric and magnetic fields, with 
added sinusoidal electric field. 


are important: in the first case the electron absorbs energy 
from the alternating field, in the second the electron gives up 
energy to the alternating field. These are of course the extreme 
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cases ; electrons emitted at other times either receive, or give 
up energy more slowly. Thinking for a moment of the second 
case which is the more favourable for yielding energy to the 
alternating field, we see that the electron finishes up with its 
drift speed E/B only, its rotational motion having been lost 
by the action of the alternating field. It is moving at a distance 
R from the cathode. Hence substituting from above, the 
work done on it by the steady field is, 
mE BE? 

HeR = Ke = Fe 
which equals twice the kinetic energy of drift }m(Z/B)?. Thus 
in a favourable case, the electron is able to give up to the 
alternating field one half of the energy extracted from the 
steady field. 

There is one vital point, however, about paths of the first 
type which must not be overlooked. All such paths cross the 
cathode because of the increase of speed due to the gain of 
energy from the field. They will therefore strike the cathode 
after one period and have no further opportunity of absorbing 
energy. 

From this simple case we can now understand why a single 
anode magnetron can be expected tooscillate. Remembering 
that electrons are emitted from the cathode in all phases, we 
see that there are two groups. Roughly half the electrons 
absorb energy from the alternating field, but are removed 
after one period and thus do not have much damping effect on 
the alternating-field generator. The remainder, which can 
yield up to the alternating field about half of the energy they 
have received from the steady field, will clearly tend to sustain 
oscillations once they commence. ; 

It should be noted that the direction of the superimposed 
field in the plane of the orbits is not significant. It must not 


bef sotten that the spent” electrons which have delivered 
energy» the field must be removed before they can absorb 
energy won by building up their rotational motion and that 
only oscillations of a frequency roughly equal to the natural 


electron frequenes oy Be m have been considered. 
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A magnetron working in this way will generate power at a 
wavelength A = 2xc/w = 2amc/eB. We have therefore 
AB = 10°6 x 10° where 4 is in metres and B in webers per 
square metre ; hence if 4 is in centimetres and B in gauss, 
AB = 10,600. 

This relation will be found to be approximately satisfied 
in the case of the simpler single and split-anode cylindrical 
magnetrons used by the workers mentioned earlier. 


The Multi-segment Cylindrical Magnetron 


Turning now to the electrode system used in the Birmingham 
magnetron, the system becomes cylindrical instead of plane 
and the electric field is complicated by the presence of the 
transverse fields across the slots. Exact tracing of the electron 


aS 
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Figure 23.—Electron orbits in a magnetron with 8 segments. The 

wavelength is 10 centimetres, cathode radius 3 millimetres, anode radius 

8 millimetres, anode potential 10 kilovolts, AC potential 5 kilovolts, 

magnetic flux density 0°13 webers per square metre (1300 gauss), assuming 

a linear potential. Arrows show the phase of tho electric field at the 
cathode at the instant of emission. 


orbits is difficult even if space charge be neglected, but it can 
be shown that the electrons move around the system in cycloid- 
like paths, and can both absorb energy from and deliver it 
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to the alternating fields which are produced aeross the slots by 
the resonators. When the drift speed of the electrons has the 
right relation to the period of the resonators so that electrons 
pass each slot in about the same phase, we find that the energy- 





Figure 24.—Orbits of Fig. 23 as seen from rotating co-ordinates. 


absorbing electrons are removed, while the energy-yielding 
electrons move out and strike the anode with very little residual 
energy. This represents an important change from the simple 
case, when the spent electrons remained in the middle of the 
discharge space to absorb energy. In the multi-segment 
magnetron no such problem arises, and some of its increased 
efficiency may be attributed to this fact. 

Efficiency is also increased by the fact that the residual 
energy of some electron orbits is much below 50 per cent of the 
work done on them, making the “ orbit efficiency ” high. 
These are the orbits with eusps close to the anode. In the 
plane case maximum orhit efficiency is 50 per cent. 

Ass practical example, Figs. 23 and 24 show orbits for an 

‘ent magnetron. caleulated by Slater by numerical 
‘tof he equation of motion, There has as yet been no 


meni ‘ Space charge fects, but what is believed to be a 
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fair approximation to take care of this has been made in 
computing the orbits shown (Slater,® p. 118). 

The orbits are of familiar shape. Three of them have a 
chance of giving energy to the field; the fourth begins to 
absorb energy, but is lost before a complete cycle occurs. The 
energy calculations show that of the work done on these four 
electrons, only 60 per cent appears at the ends of the orbits, 
and 40 per cent is available for maintaining oscillation. 

The grouping of orbits shown in Fig. 24 gives an interesting 
physical picture of the cloud of electrons rotating as a toothed 
wheel with the speed of the travelling voltage wave at the 
anode. This picture turns out to be useful in the under- 
standing of space charge effects. 

Much work*® has been done on the theory of the multi- 
segment magnetron, investigation having been carried out on : 

(a) The behaviour of the multi-cavity resonator system, its 
modes of oscillation and the fields it produces in the working 
space. \ 

(b) Electron concentrations and paths in the working space 
under the influence of fields due to the resonators and space 
charge. 

The problem has to be split up in this way to make headway 
in the face of its complexity and numerical integration must: be 
resorted to at most stages. 

A brief consideration of modes of oscillation is given in 
the next section and we will now consider problem (b). Here 
the greatest success has come from a “ self-consistent field ” 
method of approximation. In Slater’s words, the problem is : 
“Given a certain boundary condition in the form of a field 
at the anode surface, what must be the electric field in the 
anode-cathode region, in order to produce the motion of the 
electrons which will in turn set up the space charge necessary 
to produce the field ?”’ The method is to make a reasonable 
guess at a field and compute orbits and space charge. Then 

°A series of reports of work done by teams at Manchester and Leeds 
Universities, led respectively by Dr. Hartree and E. C. Stoner, has been issued 
as Co-ordination of Valve Development Reports by the Admiralty Departinent 


of Scientific Research and Experiment, numbered Mag. 1, 2, 3 ete., com- 
mencing August, 1941. 
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by deriving a field from this space charge (with perhaps some 
smoothing), the orbits are re-computed and so on. Con- 
vergence of assumed and derived fields gives the “ self-con- 
sistent field” solution. Examples of such a computation 
with a discussion of its problems are given by Hartree and 
others.® As a starting point, use is often made of the space 
charge disposition which has been employed with some success 
in the single-anode magnetron. It should be noted that a 
complete calculation will give figures for emission and anode 
currents as well as energy exchange. 

While some success attended the efforts of those working on 
this difficult problem, Slater’s opinion in 1941 was that there 
was at that time no completely satisfactory solution of the 
space charge problem. He pointed out however that whatever 
uncertainty there was in the region close to the cathode, the 
electron orbits were generally little changed by variation in 
the assumed space charge disposition. If we recall Fig. 24, 
we may say that we do not know all about the hub of the 
rotating toothed wheel but we are fairly certain that the orbits 
in the teeth approach reality, and this is where most of the 
energy exchanges take place. A good investigation of magne- 
tron operation may therefore be made without a serious con- 
sideration of space charge at all, and this Slater has done. 
He has been able to specify a number of points for practical 


magnetron design. These are briefly noted in the next sub- 
section, 


Magnetron Design 


Because of the difficulty of the theory, most magnetron design 
has proceeded empirically guided only by general theoretical 
conclusions. Slater deduces that for efficient operations : 

(a) The drift speed of the electron must be such that the 
electrons pass cach slot in about the same phase. 


(b) The magnetic field should be above ‘* cut-off.” This is 
OT coves fo vive the aseint electrons an orbit with at least one 
cea th a good chance of giving up their energy. 


ue distance Lety 


. i: ech slots should be roughly the same 
ide-cathioths distss This is to allow a reasonable 
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tangential AC field component all over the working space. 
None of these conditions is at all critical and it is not 
surprising to find that a magnetron will work over a large range 
of voltages, fields, and currents. 
The equations describing (a), (), (c) above for a multi- 
segment cylindrical magnetron, are : 





3002 0-0106 
Vo =—(r2—py2 » ) 6 
aa ("4 ri(z aT x 10 (1) 


Vy =22,200pe Me Td Hrd? agg 5 


re (1 — 4/N) 


tee (CL SYN (3) 
where V is the steady anode potential, B is the magnetic flux 
density, 4 is the magnetron wavelength, r, and 7, are the anode 
and cathode radii, n is the “mode number” or number of 
repeats of the voltage around the anode, and N is the number 
of anode segments. 

These equations have proved very useful as guides to magne- 
tron design. They only go part of the way, of course, because 
questions of cathode emission, anode current, anode and 
cathode heating, and resonator dimensions must also be con- 
sidered if a magnetron is to be designed ab initio. They can 
be used for ~ scaling "-—the means whereby. given a successful 
magnetron, designs for higher or lower frequency operation 
are produced. 

It is an interesting fact that most practical magnetrons 
whose dimensions were chosen by considerations of resonator 
size and manufacturing technique, require such high voltages 
and currents that pulse operation is necessary to prevent 
overheating of anode and cathode. 
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4. Modes of Oscillation 


It did not take early users of multi-segment magnetrons long 
to discover that even the most carefully made valves could 
oscillate at more than one frequency. It is easy to see why 
this can happen if we reflect that there may be 8 resonant 
circuits with some degree of coupling between each, so that 
a number of modes of oscillation is expected on general 
grounds. A simple example will show the type of “ moding ” 
which can exist. Fig. 25 gives a view of the segments of an 


Voltage wl\ VPP 
No. 


. OF | Phase 
repetitions diff. 
(3 y a : 
Voltage wave——~ re - 


* HEERWEEE | 


Figure 25.—Moding in an 8-segment magnetron. Segments shown 
“unwrapped,” as seen from the cathode, 


8 resonator magnetron which has been ‘‘ unwrapped ”’ as seen 
from the cathode. Two possible modes are shown, the charges 
on each segment being indicated by signs. Another way of 
describing these conditions is by giving the voltage wave for 
each case ; it may be considered as travelling in either direction, 
or as a stationary wave. 


Mode (a) is described as the “= mode” or n = 4 mode, 2 
. -“4y : 

being the phase difference between adjacent segments and 7 
the number of repetitions of the wave pattern around the 


anode. Thy 2 mode is also shown and it is clear that there 


- omodes of his type corresponding to n = 1, 2, 3 and 4 for 
cis So seume s ciienetron. No further elaboration of this 
> eyuc vill be made here. 


An important point, 
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however, is that even with perfectly made anodes, these modes 
give rise to different wavelengths which unfortunately are 
closely grouped—hence the difficulty in operation. 


Strapping 


The above analysis indicated to early workers with the Birming- 
ham magnetron that some measure of mode selection could 
be attained by means of physical connection between seg- 
ments.'° For instance if alternate segments of Fig. 25 are 
strapped electrically, the » = 4 mode would appear to be 
favoured at the expense of mode n = 2. These ideas were 
tested and found to be along the right lines, by ‘* cold block ” 
experiments in which the resonant behaviour of the anode 








(0) 
Y-B Strapping. Dotted strapis 
located ouside of other straps 
(Dd) 
Double ring ‘slropping 
using wire bridges 
(c) 





Double ring strapping using strip — 
for clarity only the inner set of slraps 
Is shown 


Figure 26.--Methods of strapping. Segments are shown ** unwrapped © 
and the position of the coupling loop is indicated by a small circle, 
block was examined by injection of a steady signal. Strapped 
magnetrons proved to be very free from * moding ” troubles, 
ie. it was difficult to produce energy at more than one fre- 

10 Birmingham University Group, ‘*'The modes of resonance in a multi- 
segment magnetron and mode locking straps to ensure high efficiency opera- 


tion,” Co-ordination of Valve Development Report, Mag. 7, Department of 
Scientific Research and Experiment, Admiralty, March, 1942. 
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quency and the efficiency of operation was higher. A slight 
drawback was that strapping increased the change of frequency 
with load impedance. 

Fig. 26 shows strapping methods which have been used in 
practice, unwrapped magnetron segments being shown in 
each case and the position of the output coupling loop indicated 
by asmall circle. Strapping is by wire or strip bridges mounted 
on the ends of the anode segments. Magnetrons strapped 
according to these methods have been shown to operate with 
high efficiency in the x mode (or n = 4 for eight-hole blocks). 

The exact effects of strapping have been investigated 
thoroughly by Slater! and it appears that the presence of straps 
produces frequency separation of modes and a distortion of the 
field pattern of unwanted modes, which tends to make opera- 
tion in the unwanted mode difficult. One point which has 
arisen and been found useful in practice is that a break in the 
strapping to give “incomplete strapping” (of which Y-B 
strapping is an example) helps in suppressing modes near the 
one desired. Incomplete strapping is always arranged sym- 
metrically with respect to either the output loop or the cathode 
support. Such breaks exist in the strapping of magnetrons 
to be described later. 

An important practical point is that strapping permits some 
degree of frequency adjustment during assembly. The block 
with straps assembled, is fed with a signal of the desired 
frequency and the whole tuned to resonance by bending the 
straps. This feature is much appreciated by manufacturers 
who have a rigid frequency tolerance to satisfy. 


5. General Characteristics 
Operating Conditions: Characteristic Diagrams 


As there is no theoretical guide to the precise operating con- 
ditions of a’ magnetron, a series of measurements is usually 
ee se presented in the form of a characteristic diagram. 
ne coordinates ure : > © a 
eine = nas : inode voltage and anode current, and 


Sp ag pron ‘ti. ules of the magnetron,’ Massachusetts Institute 
Ly L ratory, Report 43-9, August, 1942, 
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contours of constant power output, efficiency, frequency, and 
magnetic field may be drawn. An example is shown in Fig. 27. 
On this diagram peak readings of volts, amperes and kilowatts 
are given, as this characteristic has been taken under the pulse 
conditions which we have seen are necessary for high power 
magnetrons. 


22 


H inGauss 


Peak voltage in kilovolts 





Ss 10 iS 20 es 30 35 
Peak current in amperes 


Figure 27.—Magnetron characteristics showing the relation botween peak 
voltage and peak current for various magnetic fields. Contours of 
constant power output and efliciency are shown. 


The characteristic diagram gives a good picture of magnetron 
behaviour, and enables suitable operating conditions to be 
fixed. It also shows the DC resistance offered to the source 
of pulse voltage, which information is often required for pulse 
network design. Discontinuities in any of the contours are 
matters of importance as they expose regions of instability 
which may result in ‘* double moding.”” The example given 
is free from such defects. 
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Frequency Stability 


Although the frequency of these magnetrons is nominally 
fixed, we find that there is nearly always a smooth change of 
frequency with magnetic field and peak current, as one would 
expect from space charge movements and the associated 
variations of effective dielectric constant in the working space. 
Such changes are usually exposed by the characteristic dia- 
gram, and with proper control of operating conditions need 
not cause trouble except in connection with the RF spectrum 
referred to below. 

Change of frequency with block temperature is almost 
inevitable and in practice imposes a warm-up period during 
which tuning adjustments may have to be made. : 


RF Spectrum 


The energy emitted by a magnetron extends over a range 
of frequencies, and the most desirable state of affairs exists 
when it is concentrated in one narrow band. Excitation of 
more than one mode, which unfortunately is always possible 
due to some peculiarity in design, manufacture, or operation, 
results in a serious loss of useful RF energy in most radar 
systems. With only one mode excited, RF bandwidth depends 
both on the magnetron itself and on pulse shape and duration. 


For further discussion of this important point see, for example, 
Young, and Fletcher and Rieke. 


Effect of Load Changes on Frequency and Power Output. 

Another operating difficulty may now be referred to. Par- 
ticularly with magnetrons delivering full power it is found 
that the frequency of oscillation is affected to a disturbing 
degree by changes in the impedance presented by the feeder. 


Such behaviour is not surprising when we consider that the 

vl resonators are closely coupled to the external circuit. 
; se en tra oF magnetrons for long pulses,’ Massachusetts 
t echnology Vodiatic 6 > 52 : 
- dadipie a iy aboratory, Report 52-9, July, 1943; 


Me sochusen 


I “Mode selection in magnetrons,” 
ee ee  lechnology Radiation Laboratory, Report 809, 
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Fortunately, it is possible to minimise these effects by a proper 
choice of mean load impedance, and an excellent method of 
doing this has been suggested by Rieke and Evans.!* They 
made a systematic experimental study of the loading of a 
number of types of magnetron. The magnetron under test 
was fed through a slotted section with a voltmeter probe as 
used in normal impedance measuring gear, into a transformer 
and load which were capable of presenting a large range of 
impedance to the valve. With a fixed anode current, measure- 
ments of power output, frequency and sometimes anode 
voltage were made for various impedances which were noted 
implicitly in terms of standing wave ratio and distance of 
the voltage minimum from some reference point. 

These data were plotted on a Smith chart,! giving one form 
of what is now called a Rieke diagram. An example is given 
in Fig. 28. The polar coordinates (r, ¢) are given by 

r = |K| =(1 —S)/(1 + 8) 
and » = 20 
where |K | is the absolute value of reflection coefficient, S is the 
voltage standing wave ratio, and @ is the distance of the voltage 
minimum from the reference point expressed in electrical 
degrees. 

This chart then shows very clearly the effects of variation 
of load impedance on both frequency and power output. A 
feature of great significance which is common to many types 
of magnetrons is that the region of highest power output is 
near the region of greatest frequency change. This requires 
some compromise in choice of working point. The choice 
may be assisted by putting on the chart other information 
such as RF bandwidth, and regions of sparking, over-heating, 
or frequency instability. For the diagram shown, a good 
working point would lie near the centre, where powers of 
60 to 70 watts would be obtained. In this region a change 
of standing wave ratio from 1:0 to 1°5 would produce a 
frequency change of + 5 megacycles per second at the most. 


13 F, F, Rieke and J. F. Evans, ** RF loading of 10-centimetre magnetro: 
Massachusetts Institute of Technology Radiation Laboratory, Report 52-2, 
August, 1942. 

4 See Chapter VI, section 6. 
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Rieke diagrams may of course be drawn on any suitable 
impedance chart. There is no need to stress their importance 
to the user who requires to minimise frequency variations. 

The problem of frequency dependence on impedance is also 
being attacked from the other direction. Attempts are. being 
made to construct magnetrons which show no such frequency 





6 Electrical deqrees 


Figure 28.—Rieke diagram showi 
dances, on frequency and 
standing wave ratios a 


ng the effects of varying load impe- 
power output of a magnetron as measured by 
nd displacement of the voltage minimum. 


criticality when delivering maximum power output, the method 


of attack being to insert a highly resonant cavity between the 
load and the tube. 


6. General Features of the Practical Resonator Magnetron 
order to get a concrete idea of the practical fruits of develop- 
bocat let us examine a successful type, the British CV76, 


was ade in very large numbers and saw wide service 
eA 


Whieh 


iy 
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The CV76 Magnetron 
The operating conditions of this tube under pulse conditions 


are: wavelength, 10 centimetres; magnetic flux density 
0-23 webers per square metre (2300 gauss) ; peak anode current, 
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Figure 29.—Anode block used in type CV76 magnetron. 


40 amperes; peak power output, 400 kilowatts ; efficiency, 
50 to 60 per cent; pulse duration, 0°5 microseconds ; and 
R.—3. 
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pulse repetition frequency 500 cycles per second. The life 
is of the order of 1,000 hours. 


The tube with end-plates removed is shown in Plate IV (a), 
along with the anode block. This block contains the resonant 
circuits and the anode cavity as in the early Birmingham 
magnetrons, and forms the main valve envelope. A drawing 
of the block is given in Fig. 29 and in view of the tolerances 
required, it offers an interesting problem in machining. The 
first blocks of this kind were turned and jig-bored, but in 
quantity production the body and the centre anode hole are 
turned, and the eight concentric holes for the resonant circuits 
drilled with a jig. The slots are cut in a shaping or slotting 
machine with proper indexing fixtures, or are broached. The 
side holes for the output and filament leads are jig drilled 
and reamed or tapped. 


The mode-locking straps are bridges of copper wire, peened 
into holes drilled in the segments. The strapping used is 


that referred to above as Y-B strapping and aims at 2 mode 
excitation. 


The cathode is mounted centrally on the two tungsten 
filament leads which are sealed to the body by the use of 


Feather edge Output coupling loop 
lass -copper 
Seal Sana 4mm dia. 
Copper \ ul len Cop tunasten 
thimble \\_ Gigs thimble 4 





Brozed joint 
Filament lead Output lead 
Figure 30.—Arrangements for filament and output leads of a type CV76 
magnetron, 
forther-edeed — ¢ oy i s 
| “ opper thimbles, — glass-copper seals, and 
cliss-tungsten seals. 


"i rhe complete filament lead assembly 


hewn in Fig. 30, alone wi ak 
op nin Fig. 30. along with the similarly constructed output 
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(a) Typical modern magnetron type CV76. Peak power output 400 kilo- 
watts, with an efficiency of 50-60°,, at a wavelength of 10 centimetres. 








(6) The Western Electric Magnetron type 


Prare IV. 


facing: p. 3% 





(4) The Raytheon Magnetron type HK7 (see p. 64). 





Parrtead vasenibal PAW Cornpans Magnetron type AV20 (see p- 66). 
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The cathode is of nickel of 6 millimetres outside diameter 
and 0°5 millimetres wall thickness, and is fitted with end-plates. 
It is coated with the conventional emission mixture of double 
barium-strontium carbonates which on subsequent exhaust 
treatment give an oxide coating similar to that widely used 
on receiving-tube cathodes. This cathode is indirectly headed 
by an internal spiral of tungsten wire. 

In assembly, the filament and output leads are fitted into the 
anode block and brazed into position. The cathode is then 
welded onto the filament leads. The end-plates, which are 
flat copper discs turned to fit the ends of the anode block, are 
either brazed on, or attached by the extremely useful General 
Electric Company (Wembley) device of a ring gasket of gold 
wire. In this latter method, the body with its assembled 
seals, and plates, and gold rings, is clamped between plates 
and transferred to the exhaust bench where the gold gasket 
forms a vacuum tight seal during the baking part of the exhaust 
process. The brazing processes require the use of a protective 
gas and chemical washing at various stages in order to keep 
the interior of the tube tlean enough for the exhaust to be 
effective. 

The exhaust process is carried out on a pumping system of 
the usual kind employing a diffusion pump backed by a 
mechanical pump. An exhaust schedule includes about an 
hour’s bake at 500 degrees centigrade, followed by cathode 
activation and the passage of some space current—steady 
DC or pulsed with magnetic field. A getter is not generally 
used. 

The external fittings are then soft soldered to the exhausted 
valve. These are the cooling radiator and the output thimble 
sleeve. In operation the valve is forced-air cooled, an air 
flow of the order of 50 cubic feet per minute being used, Forced 
air cooling is in universal use for high power magnetrons— 
indeed this is one of the advantages of the method of con- 
struction initiated at Birmingham. 

Magnetron Cathodes 
Magnetron cathodes rise several problems of great interest. 
High power magnetrons demand emission of the order of 
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10 peak amperes per square centimetre at a wavelength of 
10 centimetres, and as much as 30 amperes per square centi- 
metre at 3 centimetres. Those figures are much higher than 
those normally accepted for oxide cathode design (0°5 to 1:0 
ampere per square centimetre). Oxide cathodes are used 
universally. Their high efficiency made them attractive in 
the first place and they have subsequently given excellent 
service. Two factors may contribute to such high ratings : 

(a) “ Back bombardment ”’ is inseparable from magnetron 
operation, and oxide cathodes at normal working temperatures 
show marked secondary emission ; factors of 5 and’ greater 
are possible.15 

(b) Pulse operation allows long recovery periods between 
short active periods. 

It is interesting to note that back bombardment results 
in dissipation of heat at the cathode which allows most magne- 
trons to run with their heaters switched off once they are 
started. On the other hand it presents a problem of ade- 
quately cooling the cathode in small high-power magnetrons. 
In the CV76, therefore, the cathode is made of heavy gauge 
nickel (0°020 inches) welded at one end to a heavy end-plate 
which is itself welded to one of the filament leads so that as 
much conduction of heat as possible takes place. 

Experience has shown that a cathode poor in emission 
can lead to frequency instability and sparking. This has been 
investigated at the Radiation Laboratory (Coomes and others, 
1944),!° where DC pulse emission in the absence of a magnetic 
field was correlated with magnetron performance. Poor 
emission, measured in this way, was accompanied by poor 
performance and provided a useful test for the devolopment 
of better cathodes. 


XN . “orl 17 ae > 5 7 1 
Iuch work!? has been done to produce long life cathodes, 


‘ MM. A. Pomerantz and D. L. Goldwater, ** Secondary electron emission 
rom oxide coated magnetron cathodes, National Defense Research Com- 
naittee Report 310, August, 1044. ; : 
Bert Orme . Suele - “Oo 
\. 0 ore ss JLG. Buel. A, F ineman, Cathodes for pulsed magnetrons 
ene “needa of Technology Radiation Laboratory, 


VL. Slobod. Dovel pinent of masnet 
bento agnetr =i art 
eres, Report MM-44-120.73, Nem Wee Bell Telephone 


§6] THE MAGNETRON 61 


particularly in higher frequency magnetrons. It was realised 
that perhaps the most predominant cause of short life was 
destruction of small areas on the cathode surface by sparking, 
which produced intense local heating. The use of nickel 
mesh on the cathode surface was introduced. The mesh was 
packed with carbonates which provided a reservoir of oxides, 
and by improving the conduction of heat away from a hot 
spot, minimised the effects of the are. More recent develop- 
ments along these lines include the use of porous metal sintered 
layers instead of mesh and the use of a mixture of carbonates 
and powdered metal (e.g. nickel), with porous layers and with 
mesh, 

The use of end-plates on cathodes is universal. Their 
purpose is to confine the electrons to the active part of the 
valve. They can cause trouble if they give rise to electron 
emission, whether primary or secondary, and at times measures 
have to be taken to deal with this.'8 


The Output Transformer 


A resonator magnetron sets a problem in microwave power 
transmission, since the power generated in small cavity resona- 
tors must be extracted and delivered to a feeder. Starting 
from a loop on one cavity, the most practicable step is to use 
a short length of evacuated coaxial line of small diameter. 
That shown on the CV76 is typical. The small line is con- 
nected to a large coaxial or waveguide feeder and as the proper 
load impedance must be presented to the magnetron an imped- 
ance-matching transformer is necessary. A transformer for 
low-power magnetrons is shown diagrammatically in Fig. 31. 
The slugs are adjusted to produce maximum power. Another 
type of output transformer for direct connection to waveguide 
is constructed so that the inner conductor of the coaxial output 
protrudes into a waveguide and acts as an aerial. 

18 J. B. Fisk, ‘' Correlation of magnetron performance with some properties 
of cathodes: preliminary observations,” Bell Telephone Laboratories, 
Report MM-43-140-59, October, 1943; R. J. Bondley, ‘* End shields for 


magnetron cathodes and their effect on magnetron performance,’ General 
Electric Company, Report D.F, 46259, September, 1945. 
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Magnetrons will be described later which typify more recent 
developments in which a fixed transformer is built into the 
tube itself and adjusted in the factory so that direct connection 
may be made to the feeder. 
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Figure 31.——-Coaxial output transformer, for a low-power magnetron. 


' Much work has been done on magnetron output transformers 
(see for example Gooden, Hagstrum,}9). Besides presenting a 
suitable load to the magnetron for which they are designed, 
they must be mechanically satisfactory and adjustments, 
if provided, must not be critical. 


7. Examples of Magnetron Design 


Further information on the design of resonator magnetrons 
will be found in the literature,2° together with details of other 
developments such as tunable magnetrons and_ so-called 
* packaged ” versions which incorporate a built-in permanent 
magnet. 

In order to convey some idea of the trends in modern design, 
a description follows of the salient features of a number of 
magnetrons which have come into widespread use. 


A 3-Centimetre Magnetron. Western Electric Type 725 


Che Western Electric Type 725 is a highly successful 3-centi- 


metre magnetron developed by the Bell Telephone Laboratory. 


Le ie Gooden. °° Maenetron output  transformer—consideration of the 
ve yp i fuel their appli Hon to design.” CAS.LR, Radiophysics Laboratory, 
sch I) pe ah Hos HD. Hagstrum, “On the output circuit of 
} 1 He N-beand  teaiet yon Sell Tele i 
Wehntgiendy eneegnr ee Bell Telephone Laboratories, Report 
Cuvity a HetYetis of 


x. Vol. 19, No. 1, January, 1946, p. 126. 
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Its general appearance is shown in Plate IV (6) and its perform- 
ance is as follows : wavelength, 3-2 centimetres ; magnetic flux 
density, 0°55 webers per square metre (5500 gauss); peak 
anode current, 10 amperes; peak anode potential, 12 kilo- 
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Figure 32.—The internal construction of the Western Electric Magnetron 
type 725. 
volts ; peak power output, 40 kilowatts ; efficiency, 30 to 40 
per cent; duty cycle, 0-001. 

A drawing of the anode block is shown in Fig. 32, and 
attention is drawn to the dimensions of the resonators and 
anode hole. It is obvious that a formidable manufacturing 
problem is presented by this minute block, yet this valve was 
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put into mass production during the war. Double ring strap- 
ping is used at each end to ensure z-mode excitation. The 
cathode, which is indirectly heated by an internal heater, is 
turned from nickel rod and has a covering layer of nickel 
mesh impregnated with the usual oxides. 

This magnetron has a built-in output transformer which 
is adjusted and fixed at the factory so that direct coupling 
can be made to rectangular waveguide with the assurance both 
of good power output being passed into a reasonably terminated 
guide, and good frequency stability. 

The output transformer is shown diagrammatically in Fig. 33 
from which it will be observed that the output lead, which 


Tuning plungers 





Flange for connecting to wave guide 


Figure 33.—Output transformer of type 725 magnetron. 


acts as an aerial in the waveguide, is vacuum enclosed. This 
is a simple arrangement which avoids corona losses at the lead 
and allows one vacuum seal to be dispensed with. 

Finally it is noteworthy that very thorough mechanical 
protection is afforded the fragile copper-glass seals by both 
output transformer and glass housing round the filament leads. 
This is a feature of great practical importance. 


A High Power 10-Centimetre Magnetron: Type HK7 
TY “ HANG is a high power magnetron which has been made 
Ie spientity by the Raytheon Manufacturing Company, and its 
co Thetion is shown in Plate V (a) and Fig. 34. Approximate 
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performance figures are: wavelength, 10 centimetres; mag- 
netic flux density, 0°22 webers per square metre (2200 gauss) ; 
peak anode current, 40 amperes; peak anode potential, 
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Figure 34.—Construction of the Raytheon Magnetron type HK7. 


30 kilovolts ; peak power output, 750 kilowatts ; efficiency, 
60 to 65 per cent. 

Recent work on a valve with the same basic design as this 
one has produced power outputs of no less than 3°5 megawatts 
peak. 
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Points of interest in the design are: The coaxial output 
which is built to carry high power and incorporates a trans- 
former section which gives a proper match to a 50-ohm line. 
Mechanically, this output connection is excellent and the 
glass work is well protected. The resonators whose peculiar 
shape is associated with the interesting method of constructing 
the anode block from stamped-out sheets approximately 
0060 inches thick, a number of which is piled together and 
brazed to form a solid whole. This method avoids fino machin- 
ing of each block and is therefore well suited to mass production. 
The filament leads which are very long to prevent flash-over. 
They are also provided with corona rings and are well pro- 
tected by a robust insulator housing. 


A 25-Centimetre Magnetron: Type AV20 


Plate V (6) shows a partial assembly of an Australian magnetron 
which was designed in the Physics Department, University 
of Melbourne, and produced by the Amalgamated Wireless 
Valve Company. It is of the vane type, the resonator assembly 
being made up of copper vanes brazed to a copper shell. 
Double ring strapping is used, the strapping rings being formed 
by copper wire bridges. The design as a whole is orthodox 
and permits the valve to be made entirely from local materials. 
In its final form it is fitted with cooling fins and a filament 
lead housing. It has given good performance under the 
following conditions: wavelength, 25 centimetres ; magnetic 
flux density, 0°11 webers per square metre (1100 gauss); peak 


current, 35 amperes; peak power output, 600 kilowatts ; 
efficiency, 60 per cent. 


CHAPTER IV 


TRIODE POWER OSCILLATORS 


ALTHOUGH easily the most outstanding valve developed for 
radar purposes has been the resonant magnetron, triodes have 
nevertheless played an important part as oscillators in pulse 
transmitters. Their contribution has been on the longer 
wavelengths associated with radar and in this role they are 
unlikely to be replaced. Since the development of triodes 
for very high frequency operation was not a radar development 
and since they are already described fully in the literature, 
this chapter concerns itself only with those aspects of valve 
design which are peculiar to pulsed operation. These are 
discussed first in relation to the electrical design of the valve 
itself and then from the point of view of the reaction of this 
design on the geometry of the valve and its associated circuits. 


1. Electrical Design 


It is fortunate that pulsed operation not only requires but 
permits high peak powers to be obtained from the triode 
valves, often at frequencies higher than is possible in continuous 
wave operation. 


Three interrelated factors enter into production of high 
powers ; the cooling of the valve, the applied DC voltages and 
the emission of the cathode. A direct result of operating the 
valve over only a short portion of the total time is that the 
mean power to be dissipated is reduced much below the peak 
value, the factor being generally of the order of 1,000. Hence 
a given valve can handle peak powers many times greater than 
its normal rating, provided always that it can be made to 
generate these higher peaks of power. In order to increase 
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the power output, the anode voltage and/or current must be 
increased. Even with conventional designs, it is possible 
to increase the voltage as much as 4 times and the current by 
a factor of perhaps 2, giving a power increase of 5 or 6 times. 


This factor can be increased even more by modification of 
the valve design. A good vacuum and the elimination of all 
unnecessary insulating material within the valve ensure that 
high voltages will cause little internal trouble. High-voltages 
can be tolerated external to the valve because the ions associ- 
ated with incipient corona have time to disperse or can be 
forcibly dispersed by air blast during the relatively long rest 
periods between pulses. Full use can be made of this by 


pulsing the power supply to the valve anode—by so-called 
anode modulation. 


It was originally thought that tungsten filaments were 
necessary for operation at high anode voltages, and attempts 
to increase the emission current were then limited by grid 
heating. Fortunately it was found that oxide coated cathodes 
could withstand quite high anode voltages under pulsed con- 
ditions and a tremendous gain in emission followed immedi- 
ately. An additional advantage was the reduction in filament 
power which decreased the total power loss to be dissipated ; 
because it is continuous, the filament load always represents 
a considerable portion of the total. 


Even with the great increase in peak power output, no 
very special demands are made by the cooling requirements 
which can always be met by the provision of radiator fins 
and an air blast. The overall result is that in spite of the 
high peak power available the valve is quite small in size, a 
further advantage for very high frequency operation. 


2. Physical Design 


The main effort put into the design of valves for radar purposes 
has heen in the direction. of increasing the upper limit of 
nt CDS and of increasing their efficiency near this limit. 
Nh werin factor limiting the high frequency operation of 
thcos ds cleetron transit time which in turn is related to the 
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(a) Valve type NTOO (General Electric Company, Wembley) showing 
the concentrie construction used for cirect) connection to concentric 
line tuning devices. 
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size of the valve and the applied potentials. It has been 
shown above that pulsed operation permits a decrease in size 


and an increase in applied voltage both of which raise the 
frequency limit. 


The need for improved efficiency has resulted in designs 
which have developed along the following lines. At the 
desired frequencies, the interelectrode capacities within the 
valve represent impedances which are very much smaller than 
those considered optimum in low frequency practice. In the 
first place they can give rise to high currents and therefore 
high losses, and then they require small tuning inductances 
which are not easily realised. The capacities should therefore 
be kept small and of such a construction that they can be 
connected to the remainder of the circuit by leads of low 
inductance. For the same reasons no more circuit elements 
than are absolutely necessary for proper operation as an 
oscillator should be added. 


A design procedure? is available for determining the circuit 
elements which should be added to give the desired frequency, 
output and control conditions. It remains to find a suitable 
physical form for these elements. The principal element. is 
always inductive and the inductor which has the greatest 
physical size for a given value of inductance is of the trans- 
mission line type, which may take the form of a twin or coaxial 
line or at the highest frequencies may be a radial line or cavity. 
The valve structure must permit a simple connection to such 
elements and it has therefore taken the concentric form which 
is well illustrated by the NT99 valve (Plate V1 (a)). This valve 
is capable of a peak power output of 40 kilowatts at frequencies 
in the vicinity of 600 megacycles per second; the anode 
voltage is 8,000 and the filament heating power is 40 watts. 
It is typical of many produced by the Research Laboratory 
of the General Electric Company, Wembley, which played an 
outstanding part in the development of such valves for radar 
purposes. 


10, O. Pulley, ‘* Ultra high frequency oscillators,” C.S.1.R. Radiophysics 
Laboratory, Report RP 92, 1941. 
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An alternative construction popular at lower power levels 
is the plane-element type with disc seals of low inductance. It 
is exemplified by the CV90 and the GL446 described in 
Chapter XI. 

In both these types the inductance of the lead from the 
electrode to a point external to the valve where the circuit 
can be connected is kept as low as possible. This allows a high 
proportion of the inductive tuning element to be external to 
the valve and hence under control. Known artifices for 
increasing the size of the external circuit such as the use of a 
line length greater than half a wavelength are permissible 
but seldom satisfactory. 

The relatively simple method of increasing power output by 
the use of several valves in parallel or push-pull is much used 
and has a bearing on valve design because of the length and 
hence impedance involved in the inter-connections. The 
design procedure quoted above shows that in push-pull opera- 
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Pypieal schematic arrangement of a push-pull oscillator for 
O00 Inegacyeles per second. 


Figure 35. 


ti impedance between one pair of corresponding elec- 
trots should preferably he zero or very small, and this can be 


achieved in a valve such as the NL99 by strapping the two 
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anodes directly together. The grid and cathode circuits 
then become part of a twin transmission line system. To 
prevent radiation they should be shielded by an extension of 
the anode system. 


Fig. 35 shows schematically the arrangement of a push-pull 
oscillator suitable for operation at about 500 megacycles per 
second while Plate VI (6) illustrates the construction of a trans- 
mitter for a somewhat lower frequency. In the latter the 
grid and cathode tuning lines run backwards from the valve 
assembly while the valves themselves are mounted on a closed 
box of insulating material through which the cooling air is 
blown. 


Coupling to the load can be effected by tapping off either 
the grid or cathode lines, the latter usually being more con- 
venient. Loop coupling can also be used and in some cases is 
necessary in order to isolate the oscillator from its load. 


Many variations in arrangement, construction, etc. have been 
described in published literature or can readily be devised to 
suit particular conditions. 


CHAPTER V 


MODULATORS 


Rapar transmitters are required to radiate pulses of radio 
frequency for periods from 0-1 to 20 microseconds repeated at 
rates up to 2,000 pulses per second. Triode oscillators are 
used for transmitter frequencies up to about 1,000 megacycles 
per second, while for higher frequencies magnetrons are gener- 
ally employed. The usual method of modulation is to apply 
a high voltage of rectangular waveform to the anode of the 
oscillator if it is a triode, or to the cathode if a magnetron. 
Provided the build-up and decay times are short compared 
with the duration of the pulse, the resultant current waveform 
and radio frequency envelope are similar to the applied pulse. 
This method of modulation corresponds to anode modulation 
of radio telephone practice and, as explained in Chapter IV, 
it allows tubes fo be run at higher anode voltages and conse- 
quently with greater power output than is normal. Grid 
modulation of triode oscillators is seldom used because in this 
method the anode potential has to be applied continuously 
and full advantage cannot be taken of the virtues of pulse 
Operation. 

Because power is transmitted only during a small fraction of 
the total operating time, peak powers which are extraordinarily 
high compared with those of radio communication practice 
are achieved with moderately sized radar equipment. That 
fraction of the total time during which the transmitter actually 
operates is called the * duty cycle,” and is equal to the product 
of pulse duration and repetition frequency. Peak values of 
quantities such as power can then be converted to average 
values by multiplying by the duty cycle. For example, a 
high power air warning set employing a 4 microsecond pulse 
at a repetition frequency of 250 pulses per second may use @ 
magnetron accepting a peak input power of one megawatt. 
The duty evele is 1/1000, so that the mean power input to the 
magi tron is only one kilowatt. 
seen ut neon of madlator oy mo 

lee angular shape and the permissible departure 
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depends on the characteristics of the oscillator. A variable 
anode voltage will cause both magnetron and triode oscillators 

_ to change frequency, so that the receiver will not be in tune 
during some portion of the pulse. In addition magnetrons 
driven by a varying voltage may jump discontinuously to a 
different frequency, a phenomenon known as “ double moding.” 
This may also be caused by a rapid rise of the leading edge 
of the pulse and, to prevent it, modulators delivering flat- 
topped trapezoidal pulses have been proposed. 

In the oscillating region, magnetrons have approximately 
constant voltage characteristics so that any modulator will 
produce a more rectangular voltage pulse with a magnetron 
than with a resistive load. The reverse is true for the current 
pulse. 

The techniques described in this chapter have application 
in fields other than radar, consequently the needs of those who 
have not previously had access to this information have been 
kept in mind. 


1. Basic Modulator Types 


Radar modulators may be divided into two main types. The 
first applies a high tension supply to the oscillator anode for 
the duration of the pulse and then disconnects it, as illustrated 
in Fig. 36. The * on-off” switch is a high vacuum triode or 


On-Off switch (High vocuurr 
tube ) 


oc 
Supply 


Oscillotor 


Figure 36.—Basic high vacuum tube modulator circuit. 


tetrode which operates under particularly arduous conditions. 
Alternatively the modulator may be thought of as a power 
amplifier developing the high voltage pulse across a load, 
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which is the oscillator in Fig. 37. Because of the difficulty 
of manufacturing suitable switch tubes, and because they 
operate at high voltage and low current, this type of modulator _ 
has been largely superseded. It is referred to as a “high 
vacuum tube ” or “ hard tube ” modulator. 

The second type of modulator uses a pulse forming network 
containing capacitors, the total energy of which is discharged 
into the oscillator by a switch which remains closed until after 
the discharge is complete. The switch must pass from the 
non-conducting to the fully conducting state in a time which 
is short compared with the pulse duration, but the only re- 
quirement as to its rate of opening is that it should become 
non-conducting in a time short compared with the interval 
between pulses. The ability of an open spark in air to perform 
this operation has led to the adoption of this type of modulator 
for many applications. 

The basic pulse forming network is the loss-free open cir- 
cuited transmission line, which is charged and connected at 
one end to a resistance equal to its characteristic impedance. 
It produces across the resistance a rectangular voltage pulse of 
magnitude equal to half the voltage to which the line was 
initially charged. The pulse terminates when the disturbance 
caused by the closing of the switch arrives back at the load 
after reflection at the open end. The waveform is determined 
by the network and not by the switch. The interval between 
pulses is available for recharging the network so the 
demand on the power supply is not severe. This type of 
modulator is referred to as a “ line type modulator.” 

The successful development of voltage step-up transformers 
capable of handling high power pulses constituted a notable 
advance in modulator technique. Magnetrons usually operate 
at inconveniently high voltages of 15 to 40 kilovolts, and the 
provision of insulation to withstand this or a greater voltage 
in the power supplics and clsewhere adds considerably to the 
sive of the equipment. With the introduction of ‘“ pulse 
thoctormers.” as they are called, it became practicable 10 
opertic the main part of the modulator at the most convenient 

ige and restrict the high voltage to the output terminal 
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A further feature of the use of pulse transformers is that 
they permit the separation of the modulator from the trans- 
mitter, pulses being transferred by means of relatively low 
voltage coaxial cable. The insertion of a cable does not cause 
distortion of the pulse if the terminating impedances are equal 
to the characteristic impedance of the cable. Magnetron 
input impedances are about 500 to 1,000 ohms while the char- 
acteristic impedance of convenient coaxial cable is about 
50 ohms so that by connecting the magnetron through a 
transformer of about 10/1 impedance ratio it is possible to 
match it to the cable. In the case of a line type modulator 
the pulse forming network is made equal in impedance to the 
coaxial cable and only one transformer is employed. A high 
vacuum tube modulator requires a transformer at each end 
of the cable since the modulator is itself a high impedance 
device. 

In comparing the two basic modulator types the line type 
modulator has two salient advantages. It has a simpler 
switch and when used with a pulse transformer a much lower 
supply voltage. The high vacuum tube modulator requires 
a supply voltage some 1o per cent greater than the output 
pulse voltage, while a typical line type modulator employing 
DC resonant charging and a 4:1 step-up pulse transformer 
requires a supply voltage only one quarter of the output. 
The line type modulator can also be made simpler, smaller 
and more efticient. On the other hand the hard tube modulator 
is more tlexible. It can readily deal with loads of different 
impedances and supply pulses of different lengths and repeti- 
tion frequencies, and is therefore often used for laboratory 


purposes, 


2. High Vacuum Tube Modulators 


The basie high vacuum tube modulator circuit shown in 
Fig. 36 cannot be used in practice because the cathode of the 
switching tube is at high DC potential. ‘Two practical modi- 
fications are shown in Fig. 37 (a) and (b), the first being trans- 
former coupled and the second capacitor coupled. The grid 
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of the switch tube is biased beyond cut-off during the quiescent 
period and driven positive rendering the tube highly conducting 
during the pulse. . 
If the pulse applied to the grid is exactly rectangular, 
distortion still occurs in the output in the manner illustrated 


Pulse Transformer 
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Figure 37.—High vacuum tube modulator circuits. (a) Transformer 
coupled. (b) Capacitor coupled. 


in Fig. 38. The initial rise of the pulse is delayed while the 
stray capacitances C, in Fig. 37 (b) are charged through the 
switching tube. The voltage falls during the pulse because the 
coupling capacitor C is being discharged by the current through 
the jegnetron and the components Z and R,. At the end of 
he oilce the switching valve becomes non-conducting and after 


age has fallen about 10 per cent the magnetron also be- 
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comes non-conducting. The stray capacitances then have to 
discharge through and R,. Ifthe values of these components 
are properly chosen the discharge can be critically damped. If 
L is replaced by a high resistance a slow decay results. If 
L only is used an oscillation with C, as capacitance is set up. 
Rapid damping of the oscillation may be obtained by con- 
necting a low impedance diode in parallel with the magnetron 
with such a polarity that it conducts when the magnetron 
anode is negative with respect to its cathode. This produces 
heavy damping while the diode is conducting but wastes 
no power when the pulse is of opposite polarity. The arrange- 
ment suffers from the disadvantage that it adds another major 
component to the system. Fig. 38 shows the after pulse 
effects of the various components mentioned. 
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Figure 38.—Magnetron voltage pulse with various damping methods. 


The positive pulse required to drive the grid of the switch 
tube is large and difficulty is experienced in obtaining it from 
a driving tube of reasonable dimensions. The difficulty arises 
because, in order to economise in size and power consumption, 
high power tubes are arranged to conduct only during the pulse. 
Such tubes give negative pulses to a load in the anode, and to 
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obtain positive pulses it is necessary to couple to the cathode. 
With cathode coupling a large grid driving voltage, greater than 
the output voltage, is required. In the widely used ‘ boot- 
strap ” modulator circuit (Fig. 39) this difficulty is overcome by 


HT + 
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Figure 39.—Bootstrap driver circuit. 


connecting a pulse generator between cathode and grid of the 
driver tube and arranging for the whole of the pulse generator 
circuits to fluctuate in potential with the driver cathode. 


High Vacuum Modulator Tubes 


Since the pulse required to drive a typical magnetron is of 
the order of 30 amperes at 20 kilovolts the switch is required 
to withstand a similar voltage when non-conducting and to pass 
a similar current when conducting. The current must be 
attained with a low voltage drop across the switch tube and it 
is desirable that the requisite grid swing between the con- 
ducting and non-conducting states should be low. 


s alee characteristics are difficult to attain simultaneously 
i : whe of small size and heater power, and the successful 
evelopinent of such tubes has demanded extremely good high 
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TABLE 3—CHARACTERISTICS OF SOME TYPICAL HIGH VACUUM 
MODULATOR TUBES 











| } 
| Cathode Maximum | Peak anode 
Tube Type Cathode power | anode current 
watts voltage amperes 

NT100 tetrode oxide 48 | 12,000 10 
829A tetrode oxide 14 5,000 10 
715B tetrode | oxide 58 | 15,000 15 
304TH triode thoriated 130 18,000 7.5 
6C21 triode | thoriated | 150 | 33,000 15 

7 | 


8. Line Type Modulators 


The essentials of the line type modulator are the pulse forming 
network, the circuit for charging it, and tho switch which 
discharges the network into the load. Rotary spark gaps, 
fixed triggered gaps both open and closed, and thyratrons 
have found application as switches, and the comparative ease 
with which satisfactory switches can be obtained has, among 
other reasons, resulted in the line type modulator almost 
completely superseding the high vacuum tube modulator. 


Theory of Discharge of a Transmission Line 


The development of the pulse forming network followed on 
the realisation that a uniform, low-loss, open-circuited trans- 
mission line gives a rectangular pulse when discharged into 
a resistance equal to its characteristic impedance." 

Consider the case of Fig. 40 in which a line of characteristic 
impedance Z, is charged to a voltage J’, and connected to a 
resistor R of magnitude Z, at time ¢ = 0. Fora short interval 
the line behaves as a generator of electromotive force V’, and 
internal impedance Z, applying a voltage J’,/2 to the load. 
The initial voltage drop from J’, to 1’,/2 gives rise to a rect- 
angular wave of voltage |’,/2 travelling away from the load. 
This travelling wave is completely reflected without change of 
sign at the open end and travels back to the load, where it 

1C, F. Machin and @. R. Dunham, ‘ The production of squared pulses by 


the dischargo of an artificial line,’ General etric Company (Wembley) 
Research Laboratories, Report 170, January, 1941. 





80 A TEXTBOOK OF RADAR [Ch. V 


reduces the voltage to zero. The system is then completely 
discharged, the duration of a pulse being equal to twice the 


time of travel of a wave along the line. ; 
If R is not equal to Z,, the discharge will reach completion 
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re 40.—Discharge of a matched transmission line showing travelling 
Waves, 
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asymptotically. To find the conditions at any given time the 
steady voltage originally present and all travelling waves 
must be superposed. 

Let V be the voltage across R. Immediately after closing 
the switch only one travelling wave of magnitude V,—V is 
present. The line current (J’,—V)/Z, equals the load current 
V/R so that 

= ee V5 
R+Z, 

This state persists until time ¢ = 6 when the wave reflected 

from the open end reaches the load. This wave of magnitude 
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Figure 41.—Dischargo of transmission line into resistance loads of 
different: magnitudes. 


found, which if R > Z, are of one sign, or if R < Z, are of 
alternate signs as in Fig. 41. 

If the load is not a fixed resistance, but has a non-linear 
voltage-current characteristic independent of the rate at which 
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it is traced out, a stepped waveform will still result. This 
case, which may be treated graphically, is important in view of 
the marked non-linearity of magnetron characteristics.? 

Alternatively, the closing of the switch may be regarded 
as the application of a step-shaped voltage between its contacts. 
The alternating current impedance of the network which gives 
a current response of rectangular waveform when such a 
voltage is applied may be calculated by a well-known theorem.* 
It transpires that a uniform open circuited transmission line 
in series with a load resistance equal to the characteristic 
impedance is required. 


Networks Equivalent to the Uniform Line 


An actual transmission line to produce pulses of the length 
commonly used in radar (1 microsecond or more) would be 
of inconvenient dimensions. Hence networks consisting of 
lumped elements are used to approximate the performance 
of the open circuited line. 
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Figure 42.—Low pass filter pulse forming network. 


Low Pass Filter Pulse Forming Network. The simplest and 
most commonly used equivalent network is the low pass filter 
shown in Fig. 42. - Constructional advantages of this network 

2B. A. Finlay, “ Pulse forming networks. A graphical method for the 


trentinent ot the discharge of a transmission line through a non-linear imped- 
ance.) CSA. Radiophysies Laboratory, Report RP 170, February, 1943. 
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are that all capacitors have the same value and the inductors 
can be wound as a continuous coil on a single former and 
tapped where required. Two or more of these networks may 
be connected in tandem to give a choice of pulse duration, 

The following relations are satisfactory for design purposes 


L 
Fe an, fae 
F Je 


6 = 2nV/LC 


where Z, = characteristic impedance of network at zero 
frequency (ohms), 6 = pulse duration (seconds), L = indue- 
tance per section (henries), ZL, = end inductance (henries), 
C = capacity per section (farads), x = number of sections. 
Empirically it is found that good pulse shapes can be obtained 
with 3 or 4 sections when L./L = 1:1 to 1:2. 

For high voltage networks the capacitor and coil assembly 
is usually placed in a sealed tank with terminals brought out 
as required. Oil impregnated paper dieletric is most common, 
although for some low voltage networks special organic- 
inorganic diclectric capacitors moulded into a solid block 
have been developed. Plate VII (a) shows some typical low 
pass filter networks. 


Bartlett Pulse Forming Network. Bartlett of the (General 
Electric Company! obtained several possible pulse forming 
networks by expanding the expression for the input impedance 
and admittance of a uniform open circuited transmission line 
in various ways. Only the cireuit which has found most 
application will be described here. 

The input impedance of the open circuited transmission 
line of characteristic impedance Z, in series with its characteris- 
tic impedance is 


5 jwo 
Zn =Z, + Z,coth I 


where @ is the angular frequency and 0 is the time taken for a 


4C, R, Dunham, ** The production of pulses of rectangular waveform by the 
use of a composite harmonic network,’ General Electric Company (Wembley) 
Research Laboratories, Report 7751, May, 1941. 
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wave to travel to the far end and back. In terms of the 
partial-fractions expansion of the hyperbolic cotangent, viz. 


1 oa Qa 
=e Sf 
coth x 2 + & wa? be 
we have 
2Z, 2 jwbZ, 
Zin = Z, =| > + je 





SS Sat 
god a9) wd? /4 


The first term is the series resistance Z,, the second is the 
reactance of a capacitance equal to 5/22, and the nth term 
of the series represents the reactance of a parallel combination 
of a capacitance 5/4Z, with an inductance Z,6/n2x®. Fig. 43 
illustrates the equivalent circuit. 
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Figure 43.—Bartlett pulse forming network. 


The largo storage capacitor 2C must withstand twice, and 
the others 2/na times the pulse voltage under normal con- 
i If for any reason the transmitter becomes short 
circuited, however, the voltage across the small capacitors 
will reach twice the quoted values and spark gaps may be 

‘od for protection. In practice four or five parallel circuits 
used and a series inductance added, its value being de- 

» sed experiment:ily. This network has the merits that 


ditions. 
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only one capacitor has to withstand the full voltage and the 
pulse forming capacitors are all equal in value. It is therefore 
suitable for construction from standard components and is 
convenient for experimental purposes. However, these fea- 
tures are not important in a design intended for production, 
and the disadvantage that the pulse forming capacitors con- 
tribute nothing to the stored energy renders the Bartlett line 
inferior to the low-pass filter network. 


Special Arrangements for Saving Insulation 


The arrangements described above result in a pulse voltage 
equal to half the voltage to which the network is charged, 
so that the network must be insulated to withstand twice the 
voltage of the output pulse. The Blumlein circuit® shown in 
Fig. 44 gives a pulse voltage equal to the voltage to which 


N, N2 
Zo Zo 


+2N 


Load 2Z9 
Zo = Chorocteristic impedance of networks N, and No. 


The electrical lenghths of Ny and Nz ore equol. 


Figure 44.—Blumlein Circuit. 


the lines are charged. The load impedance should equal twice 
the characteristic impedance of each of the pulse forming 
notworks. 

Another useful method of economising insulation is to charge 
two pulse forming networks in parallel and switch them to 
series connection for discharge through the load after the 
fashion of the Marx high voltage impulse circuit, as indicated 


5. A. Guillemin, ‘Colloquium on pulse forming networks,”’ Massachusetts 
Institute of Technology Radiation Laboratory, Report 691, March, 1945. 
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in Fig. 45. Switch No. 1 operates first and the sudden rise 
in voltage fires switch No. 2. The “ hold-off” chokes must 
have sufficient inductance to prevent appreciable current 
building up in them during the pulse. Arrangements such 


as these have been superseded by the use of pulse transformers _ 


but they may still be found useful for experimental purposes 
when a transformer is not available. 


Pulse forming networks of 
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Figure 45.—Parallel charge, series discharge, circuit. 


Switches Used in Line Type Modulators 


As mentioned earlier the requirements for the switch in a line 
type modulator are that it should close quickly and remain 
closed for the duration of the pulse. It should then open 
in time to permit the charging of the network for the next pulse. 


Rotary Spark Gap. ‘The rotary spark gap consists of a set 
of rotating electrodes which pass close by one or more fixed 
electrodes. Near the point of closest approach a spark passes 
which closes the switch. Current ceases on the discharge of the 
network and the electrodes separate, opening the switch before 
the voltage again builds wp in preparation for the next spark. 
The repetition frequency is determined by the speed of rotation 
il the number of electrodes : for example, a speed of rotation 
minute or 50 per second and ten 
ne fixed electrode gives a repetition 
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frequency of 500 cycles per second. Rotary gaps are not 
suitable for frequencies greater than about 1,000 cycles per 
second owing to the difficulty of separating the electrodes 
sufficiently rapidly to eliminate premature sparking while the 
‘network is being charged. Two types of construction are used. 
The first employs short rods mounted on an insulated disc 
which carries them between two fixed electrodes. The spark 
then jumps two short gaps in series. The second uses a 
metal disc to carry the moving electrodes, the disc being earthed 
by means of a carbon brush or collector ring. These are 
illustrated in Fig. 46. 







Fixed electrodes Fixed electrode 







Metal disc 
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Moving 
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Figure 46. Two types of rotary spark gap. 


The operation of rotary gaps is satisfactory in the range 
from about 8 to 25 kilovolts. Large currents can flow, the 
only ill effects being wear of the electrodes. With tungsten 
electrodes and currents of a few hundred amperes the electrodes 
require adjustment every thousand hours. Breakdown of a 
gap is complete in a time of the order of 10~8 seconds after 
its initiation. ‘The residual voltage across the gap is so small 
that it is difficuls to measure and is probably less than 
100 volts. Rotary gaps operate effectively in the open air but, 
unless of low power, are very noisy. It is therefore necessary 
to enclose them, provision being made for removing the pro- 
ducts of the spark (ozone and oxides of nitrogen) from parts 
which may corrode. 
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The instant of sparking is irregular, a variation of the 
interval between pulses of + 30 microseconds being usual. 
This makes it necessary to trigger the time base of a radar 
equipment from the modulator and precludes the use of simple 
rotary gaps in certain applications which require precise 
timing. 

The ease of construction, simplicity of adjustment, and 
reliability of the rotary spark gap have contributed largely to 
the success of line type modulators. 


Open Fixed Triggered Gaps. Triggered-gaps were developed at 
the same time as rotary gaps with the object of eliminating 
moving parts and irregularity in firing. A common type 
illustrated in Fig. 47 consists of two spherical molybdenum 
electrodes with a tungsten electrode protruding through a hole 


Molybdenum insert node 
Insulator 


Trigger electrode 
Cathode (tungsten rod ) 


Molybdenum 
face 


Figure 47.—Open fixed triggered gap. 


in the anode. The spacing between the spheres is normally 
sufficient to prevent a spark occurring. At the desired moment 
a low power discharge is passed between the trigger electrode 
and the sphere through which it projects. The resulting ions 
and ultra violet light cause breakdown of the main gap. After 
discharge is complete the ionisation decays and the gap is 
again able to withstand the applied voltage. The switch 
illustrated is intended for a high power modulator and can 
handle frequencies from 100 to 2,000 cycles per second. Ad- 


Pee are require] every 100 hours or so and the life is 
much less than for a rotary spark 
; sf spar of 
Fores satetoE aeratieni park gap. The range of voltage 
Y operation is restricted but can be extended 


by ht { or press rising the gap. A spark gap of this 
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type developed by Metropolitan Vickers Limited could switch 
2 megawatts at 18 kilovolts at repetition frequencies up 
to 2,000 cycles per second. The switch fired within 0-1 
microseconds of the application of the trigger pulse. 

A typical trigger circuit is shown in Fig. 48. A pulse is 
applied to the grid of the tube, driving it positive so that 
a current builds up in the inductance LZ. The grid is then 


HT + 






To trigger electrode 







' 
-L. Stray 
7 capacitance 


er | 


i= 


generator 


Figure 48.—Trigger circuit. 


driven suddenly negative, cutting off the plate current and 
producing across the inductance a high voltage pulse which is 
applied to the trigger electrode. 

Open gaps, both fixed and rotary, if used for airborne 
applications, must be housed in an air-tight enclosure to over- 
come the variations in atmospheric pressure encountered. 
This difficulty may be avoided by the use of an enclosed gap. 


Enclosed Fixed Triggered Gaps. There are two main types of 
enclosed fixed triggered gaps in general use. One type, (b) in 
Plate VII (b) of which the CV85 is typical, is a modification 
of the open triggered gap and has the electrodes enclosed in 
a mixture of argon and oxygen. Time jitter of the discharge is 
of the order of 0-1 microseconds. The other type consists of 
two aluminium electrodes enclosed in a mixture of hydrogen and 
argon at a little less than atmospheric pressure. Because no 

6G. C. Collins, ‘t The performance of air blown triggered gaps for 2 mega- 


watts, 2,000 cycles per second,” Metropolitan Vickers Electrical Company 
Limited Researeh Department, Report C362, February, 1943. 


R.—. 
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trigger electrode is provided, the tubes must be used two or 
more in series with the trigger voltage applied at the common 
point of the tubes. Like the CV85, this tube, the 1B22 
(a) in Plate VII (6) handles powers of about 100 kilowatts. 


Thyratrons. The characteristics of a thyratron appear to 
make it ideally suited for application as a line type modulator 
switch. However, the high values and rapid rates of rise of 
currents proved beyond the capabilities of the types previously 
available. More recent work has led to the development 
of new forms which have satisfactory characteristics but which 
are difficult to manufacture. Of these, hydrogen thyratrons’ 
appear the best and as low power tubes are used extensively. 
Hydrogen thyratrons have also been designed for power levels 
up to 15 megawatts. One tube, the 4035, has a life of 900 hours 
at 8,500 peak volts and 90 amperes peak current with a 0:5 
microsecond pulse recurring 2,000 times per second. The 
trigger voltage required is 150 volts rising at a minimum rate 
of 150 volts per microsecond. The time jitter is less than 0-04 
microseconds using an AC heater supply and can be made 
undetectable by the provision of a DC heater supply. 


4. Line Type Modulator Charging Circuits 


At the cessation of a pulse, a pulse forming network is com- 
pletely discharged and must be recharged before the commence- 
ment of the next pulse. Since the charging period is long 
compared with the pulse duration, the pulse forming network 
behaves like a simple capacitor as far as the charging circuit 
is concerned. Since this capacitor stores the energy for the 
pulse, its capacitance is given by 


v2 
aie 

10S = 
where ( = line capacitance (farads), VY = pulse voltage, 
a SE Sumninatey of life test data on Sylvania 4C35 hydrogen 
Rerenrt sath E ee MEETS, {stitute of Technology Radiation Laboratory, 
a Saat, Reet i snd Technical data and operating notes for 
eet lpateet ee iN Massachusetts Institute of Technology 


' S25, November, 1945. 
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V, = voltage to which network is charged, R = load resistance 
(ohms), 6 = pulse duration (seconds). 

The usual network is equivalent to a simple transmission 
line so that V/V’, = 4 and C = 6/2R. The average power 
which must be supplied to the pulse forming network is }f,C V2 
where f, is the repetition frequency. 

If the pulse repetition frequency is different from the AC 
mains frequency, the pulse forming network can be charged 
from a conventional rectifier circuit with filter capacitors. 
Such a method is referred to as DC charging. If the repetition 
and mains frequencies are the same or simply related (e.g. 
half or twice) the filter circuits and often the rectifier may be 
dispensed with. This is called AC charging. In all cases 
the components connecting the power supply and the network 
must be capable of isolating the one from the other during 
and immediately after the pulse. 


' 


DC Charging Circuits 


Resistance Charging. The simplest method of charging a 
pulse forming network is through a resistance connected in 
place of the inductance in Fig. 49. The efficiency of the system 


Figure 49.—DC inductance charging—basic circuit. 


cannot exceed 50 per cent so it is seldom used except for low 
power modulators or for experimental purposes. 


Inductance Charging. Fig. 49 shows the basic circuit for 
DC inductance charging, an arrangement which does not suffer 
from the intrinsic inefficiency of resistance charging. There 
are three main cases to consider: resonant charging. linear 
charging and diode charging. In all cases the network is 
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charged to a voltage equal to twice the DC supply voltage 
if losses are neglected. In practice the voltage step-up is 
about 1-9 times. 


Resonant charging refers to the case in which the resonant 
frequency of L and C in the circuit is equal to half the repetition 
frequency f, so that the charging current I, and network 
voltage V, pass through one half cycle between pulses. Fig. 50 
shows the current and voltage waveforms of the charging cycle. 


Discharge switch 
operates 7 







‘ / 
nd ' —> time 
aes Te 
Figure 50.—Voltage and current waveforms in DC “ resonant charging.” 


Since the network voltage remains almost constant for an 
appreciable period about the time the switch operates, this type 
of charging wave is suitable for use in modulators where the 
switch has a time jitter, such as a rotary spark gap. No over- 
voltage occurs if the switch fails to operate. 


If the resonant frequency f is low compared with half the 
repetition frequency f,, so called “linear charging ” results. 
The large inductance used tends to make the charging current 
constant which in turn charges the network approximately 
linearly. Fig. 51 shows typical waveforms obtained with 
linear charging. This method allows the pulse repetition rate 
to he varied over a wide range without changing the value 
of the inductance. Satisfactory results are obtained if the 
indnetance is made about four times that required for resonant 
chorging at the lowest repetition frequency. If the switch 
should fail to operate. the voltage rises in the manner indicated 
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by the dotted line in Fig. 51. If this is excessive the network 
can be protected with a spark gap. A thyratron or fixed 
gap should be used for the switch as irregular firing results 
in fluctuations of the output pulse voltage. 


2 x 






det 
ir r. 
Figure 51.—Voltage and current waveforms in DC * linear charging.” 
So called ‘ diode charging ” results from the use of a diode 
in series with an inductance less than that required for reson- 
ant charging. The network charges in half the resonant 
period of L and C, which is less than the interval between pulses, 


ie wich operates % 


2\sb =" 7 Te 


Figure 52.—Cireuit and current voltage waveforms in DC “diode charging.” 
and the diode then prevents the discharge of the network till 


the switch operates. The voltage and current waveform are 
shown in Fig. 52. This circuit has the advantage that it can 
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handle a wide range of repetition frequencies and, as the voltage 
is steady prior to discharge, the irregular firing of a rotary spark 
gap does not produce pulses of irregular amplitude. It suffers 
from the disadvantage of introducing another high voltage 
component. 


The inductances used in DC charging can be quite readily 
designed from a knowledge of the incremental permeability of 
the core material for the currents flowing. The iron core is 
best utilised without an air gap and at a value of magnetising 
force of about 4,000 amperes per metre (50-oersteds) at the 
current peak. The inductance values range from one to 
several hundred henries depending on the requirements. 


DC Power Supplies for Line Type Modulators 


Modulators use conventional rectifier circuits to convert AC 
to DC power, but the problem of the exact calculation of 
“ripple voltage,” or the variation in the voltage to which the 
pulse forming network is charged, is often difficult. Design 
information obtained experimentally is given in Fig. 53 for a 
simple condenser input filter with inductance charging of the 
network.§ As given it applies to a half wave rectifier ; for 
a full wave rectifier the supply frequency must be doubled. 


If the supply frequency is much less than the repetition 
frequency, the filter capacitor must be sufficiently large to 
charge the network several times without its voltage falling 
unduly. If the supply frequency is higher than the repetition 
frequency a great reduction in the size of the filter capacitor 
is possible, since it will receive one or more current impulses 
from the rectifier during each charging interval of the network. 
Kor example, if a 50 cycle full wave rectifier charges a network 
500 times per second, a simple calculation shows that the 
capacitance must be 1.000 times that of the network if the 
ripple voltage is to be 1 per cent. However, if the supply 
frequency is about 500 cycles per second, it need only equal 


*J. Warner, “* Modulator power «1 pdest rel é é 
Luboratary, Report RP S16. jah e ey, design data,” C.S.LR. Radiophysics 


Jaly, 1944, 
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that of the network. The economy resulting from the use of 
a high supply frequency applies also to the rectifier transformer 
and other parts of the radar equipment. 
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Figure 53,—Ratio of filter capacitance to network capacitance for 1% ripple. 


K- = filter capacitance 
C, = network capacitance 
f = supply frequency 
fo = repetition frequency. 


(a) Experimental relation between C and K. (b) Basie circuit. 


Charging from Low Voltage DC Source® 


If low voltage DC only is available, say from a gencrator or 
battery, the circuit in Fig. 54 enables a pulse forming network 
°T. S. England, R. Curruthers, K. W. D. Tarry, “* Design of a high power 


modulator operating from a DC supply,” Telecommunications Research 
Establishment, Report T1854, June, 1945. 
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to be charged to any required voltage. The arrangement is 
essentially the same as for DC inductance charging, except 
that the inductance used is the transformer leakage 
inductance. In addition the voltage step-up at the pulse 


Ss, PFN 
Low voltage J 
ie | Load 
source 
Transformer 
Ratio 1:97 


Figure 54.—Basic cireuit for DC charging from low voltage source. 


forming network is increased by the transformer turns 
ratio. The switch S, is closed during the charging period 
and opens just before switch S, closes to discharge the network 
into the load. 8, closes again after the pulse and the cycle 
is repeated. Switch S, is a low voltage and switch S, is a high 
voltage switch. As they must be accurately triggered, thyra- 
trons are the most satisfactory switches for this purpose. 


AC Charging Circuits!° 


In the circuits described as AC charging circuits the filter 
capacitors are omitted, the pulse network being charged 
by a transformer through a suitable isolating device. The 
power supply frequency must then be equal to, or simply 
related to, the pulse repetition frequency. If a repetition 
frequeney of some hundreds of cycles per second is required, 
it is usual to include a high frequency alternator in the modu- 
lator. This alternator may supply power to the whole radar 
set thus economising in the size of other components. If a 
rotary spark gap is used, it can be mounted on the alternator 
mare see eee : Medulators : high power alternator charging,” 
L155-5, September, Vl: and HH, hie Anaieoe Fame me 

bod ysis of condenser charging 


e me Tepe modulators for luesr reactor elements,’ Massachusetts Institute 
of Teriomlogy Radiation Laboratory, Report 441, September, 1943. 
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shaft with provision for correctly phasing the instant of dis- 
charge of the network with respect to the output voltage of the 
alternator. 

Fig. 55 shows a practical arrangement in which a diode is 
used to isolate the pulse forming network at the time of dis- 
charge. The figure gives waveforms and indicates the switch 
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Figure 55.— (a) AC diode charging circuit. (b) Waveforms. 


phasing which keeps the diode inverse voltage as low as possible. 
This circuit is simple to adjust but since power is supplied to 
the network during a quarter of a cycle only the root-mean- 
square current is unduly great and the transformer is not used 
to the best advantage. 

The diode and its filament transformer are high voltage 
components which can be dispensed with, as in the more 
efficient arrangement of Fig. 56 (a) which uses an inductance 
to isolate the network from the transformer. An equivalent 
circuit is shown in Fig. 56 (b) in which all quantities are referred 
to the transformer secondary terminals. The inductance L 
is the equivalent inductance including contribut ions from leak- 
age in the transformer and the generator. The resistance is 
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usually neglected. The performance may be described in 
terms of the ratio, &, of the resonant frequency of Z and C 
to the supply frequency. 


L 
Line 
AC capacitor 
Step-up transformer (a) 
L R 
c 
E sin (WI +9) 


(b) 


Figure 56.—AC inductance charging circuits. (a) Actual circuit. 
(b) Equivalent circuit. 


If these frequencies are equal the condition is known as ‘‘AC 
resonant charging.” In this case the pulse forming network 
is charged to a voltage a times the equivalent electromotive 
force. The switch operates as the electromotive force passes 
through zero, and the network is completely recharged in one 
cycle, the process being repeated every cycle. The pulse 
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Figure 57.—AC resonant charging voltage waveforms. 


network polarity depends on the zero of the applied electro- 
motive force chosen. The transformer secondary carries a 
‘lirect component of current equal to approximately one third 
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of the root-mean-square current. Voltage waveforms are 
shown in Fig. 57. It is obvious that if the switch fails to 
operate large voltages will tend to build up but this may be 
prevented by fitting protective spark gaps. 

In general the voltage to which the pulse network is charged 
will depend on & in the manner shown in Fig. 58 provided the 
switch fires at the optimum phase. When i = 1-4 the greatest 
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Figure 58.—AC charging. Voltage step-up as a function of hk. 


step-up occurs, being 3-7 as against 2 for the resonant case. 
To obtain this step-up ratio the network should be discharged 
114 electrical degrees past the zero of the applied electro- 
motive force. Waveforms for this case are shown in Fig. 59. 
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Figure 59.— AC charging waveforms for k — I-4. 


A feature of AC charging is the remarkable economy of 
components it permits. The accompanying disadvantage is 
lack of flexibility in pulse length and repetition frequency, 
which is serious in the case of laboratory equipment, but is 
often of no importance for service use. Fig. 60 gives a 
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summary of the main characteristics of the modulator 
charging circuits discussed above. 
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Figs 50.—Summary of characteristies of modulator charging circuits. 


§5] MODULATORS 101 


5. Pulse Transformers 


As noted earlier, the introduction of pulse transformers in 
conjunction with line type modulators permitted a great saving 
in bulk and weight and also made it possible to separate the 
modulator from the transmitter. 


Pulse transformers may be required to transmit rectangular 
pulses of the order of 1 microsecond duration and 1 megawatt 
peak power without significant distortion. A standard input 
impedance is 50 ohms while the output impedance when feeding 
a magncotron is about 800 ohms. For a power output of 
1 megawatt the input voltago is therefore 7000 and the output 
28000 volts. These requirements introduce serious design 
difficulties both in the reproduction of such short pulses and 
in the maintenance of adequate insulation. 


The problem can be more clearly formulated if we consider 
the approximate equivalent circuit of a transformer given in 
Fig. 61. In this circuit all quantities are referred to the 
primary in the conventional way. The leakage inductance is 
represented by L,, the primary inductance by L,, and C 
represents the equivalent capacitance across the secondary 
due to winding capacitances and strays in both the transformer 
and load. ‘The losses and the more complex stray capacitance 
distribution which exist in practice are neglected. 

If the distortion is not great, the effects due to leakage 
inductance and stray capacitance may be separated from those 
due to the primary inductance. The former distort the rise 
and fall of the pulse causing them to take the form of damped 
oscillations associated with the circuit R,, 2, L, and C, which 
is obtained by omitting ZL, from Fig. 61. 

The primary inductance draws an increasing current through 
R, during the pulse and this causes a fall in the top of the 
pulse and an overshoot at the end as indicated in Fig. 61. 
Both types of distortion may be determined quantitatively 
if the circuit elements are known. To reduce distortion it is 
necessary to achieve a.combination of high primary inductance, 
low leakage inductance and low winding capacitance. These 
conflicting requirements have been met by paying close 
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attention to the quality of the magnetic circuit so that physical 
size can be reduced to a minimum while maintaining the 
necessary primary inductance. This leads to a reduction 
of capacitance and leakage inductance but increases the 
insulation problem. 


Ro 


Equivalent circuit 





R, Characteristic impedance of 
pulse forming network 
Lp Magnetising induclance 
uy Leokage induciance 
e Effective shunt capacitance 
R2 Load impedance 
(All quantities referred to are primary ) 
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Figure 61.—(a) Equivalent circuit of pulse transformer.  (b) Input and 
output waveforms. 


Tf a core of normal construction were used in a pulse trans- 
former, skin effect would severely reduce its effective per- 
meability. This difficulty is overcome by forming the core 
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from exceptionally thin laminations and by using a_ core 
material having a high resistivity which tends to increase 
the depth of penetration at high frequencies. 


. In designing a pulse transformer the primary, secondary 
and leakage inductances are estimated in the manner used for 
normal transformers. The effective winding capacitance is 
determined by assuming a voltage distribution on the windings, 
estimating the capacitative energy associated with significant 
sections of them, and equating the sum of these energies to 
3CV? in the equivalent circuit. 


Design Procedure 


Data required when designing a pulse transformer include 
pulse duration, primary and secondary pulse voltages and 
currents, and the admissible peak value of magnetising current 
(of the order of 10 per cent of the desired pulse current). The 
design steps follow broadly the sequence set out below : 

(a) The best available core material is selected, and suitable 
peak values of magnetic induction Band magnetic intensity H 
are chosen using curves obtained under actual pulse conditions, 

(b) The core shape is chosen empirically after the core 
volume is calculated from equation (1)! which is obtained by 
equating the magnetic energy of the core to the energy de- 
livered to it. 


AIxBH =VJ,l,, (1) 
where A = eross sectional area of core (square metres) 
1 =core length (metres) 
B =peak magnetic induction (webers per square 
metre) 
H = peak magnetic field intensity (amperes per metre) 


11 In view of the fact that magnetic data are usually given in mixed prac- 
tical and ¢.g.s. electromagnetic units, formulae (1) and (2) may be restated 
as follows :— 


AV » BH’ = 4nV,81,, ~ 107 
V,38 = N,A’B’ x 10-* 


where I is in centimetres, A’ in square centimetres, § in seconds, J" 


p in volts, 
I,, in amperes, B’ in gauss, H’ in oersteds. 
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V, = primary pulse voltage 
6 = pulse duration (seconds) 
I,, = peak magnetising current (amperes). 


(c) The number of turns required on the primary and 
secondary windings is determined from equation (2)14 and 
wire sizes are allotted to ‘give suitable current densities. 


V,6 =N,AB (2) 
where NV, is the number of primary turns. 


(d) An arrangement of the windings is chosen to fit the core 
window and to give adequate insulation. The different 
portions of the windings are interleaved so as to keep leakage 
inductances and winding capacitances low. 


(e) If considered necessary, leakage inductance and winding 
capacitances can be estimated by methods outlined above 
and their effect on the output waveform investigated. 


Construction 


The Core. Core materials combine high resistivity with high 
permeability at high values of magnetic induction. They are 
made in laminations about 0-002 inches thick. Typical B-H 
curves for complete cores when 1 microsecond pulses are used 
are given in Fig. 62. 


In order to obtain a magnetic circuit of the lowest reluctance 
special precautions must be taken to minimise the effect of 
joints in the core. Some designs use continuous cores, but 
special coil winding methods must then be adopted. This 
difficulty is overcome in one interesting construction in which 
a continuous core is first wound from strip around a rect- 
angular mandrel and then cut to permit the insertion of coils 
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wound in the normal way. The core is rejoined after the 


faces of the joints have been ground flat and etched to remove 
inter-laminar short circuits. 







Core ‘a* 0-014" “Trancor 5* 
*b* 0003" "Stalloy*- unannealed 


c 0-003" “Stalloy*- unannealed 
‘a* 0-003" “Hipersil* 


a 
c 
Radiometal 
b 
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Figure 62.—B-H curves for pulse transformer core materials. 


Windings. The winding conliguration is determined by the 
conflicting requirements of low leakage inductance which 
requires windings in close proximity, and low capacity and 
high insulation which require the separation of points differing 
appreciably in potential. Separated single layer windings 
are used. As most of the heat dissipated in pulse transformers 
is due to core losses, very high current densities are used in the 
windings viz. 5000 amperes per square inch for continuous 
loads and 3000 amperes per square inch for pulse currents. 

A special feature of pulse transformers designed for driving 
magnetrons is the use of a bifilar secondary winding which 
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supplies the magnetron heater current, thus eliminating a 
separate heater transformer of high insulation. 


Insulation problems encountered in pulse transformers are 
extraordinary and they have been overcome only by close 
attention to refinements of impregnating techniques. The 
best transformer oil is used and exceptionally thorough vacuum 
impregnation and hermetic sealing are essential. Kraft 
paper is used almost universally for insulation between wind- 
ing layers and when oil immersed may be stressed up to 
300 kilovolts per inch. The oil itself may be stressed up to 
500 kilovolts per inch while over the surface of the paper the 
stress should not exceed 30 kilovolts per inch. Very high 
voltage stresses between turns are encountered, values of up 
to 500 volts per turn being quite common. Plate VIII shows 
photographs of three typical pulse transformers. Plate VIII (a) 
shows an uncased transformer with a ‘ hipersil ” core wound 
ona mandrel and cut as described on p. 104. Plate VIII (6) 
shows a 125 kilowatt 1 microsecond pulse transformer designed 
for airborne use. The larger transformer shown in Plate VIII (c) 
is a laboratory model for 6 microsecond pulses with an output 
of 2 megawatts 40 kilovolts. 


6. Typical Modulator Circuits 
High Vacuum Tube Modulator 


The circuit of a typical high vacuum tube modulator designed 
for airborne microwave equipment is shown in Fig. 63. It 
generates negative pulses of 11 kilovolts and 10 to 15 amperes 
and of 1 microsecond duration at a repetition frequency which 
may be varied between 400 and 2000 cycles per second. The 
pulses are formed at a low power level by discharging a pulse 
forming network through a small thyratron V. which is 
triggered from an external source. The positive pulse so 
obtained is amplified by the twin tetrode V which is cathode 
coupled to the high power switching tubes V, and V,. The 
whole pulse forming circuit follows the potential of the cathode 
of V3, so that this is an example of the so-called ‘‘ boot-strap ” 





Prare VII. —Output pulse transformers. 
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circuit. The system operates on 115 volts 400-800 cycles 
per second, requires an input of 1 kilowatt, and has an overall 


efficiency of from 10 to 30 per cent. The weight is about 
60 pounds. 


Line Type Modulator with Rotary Spark Gap 


Fig. 64 shows the circuit of a line type modulator designed 
for laboratory test purposes. The unit is mounted on a 
400 cycles per second alternator set. It uses DC resonance 
charging, a rotary spark gap and a pulse transformer. It de- 
livers a pulse of 40,000 volts at 50 amperes or a peak power out- 
put of 2 megawatts. Two combinations of pulse length and 
repetition frequency are available, 1 microsecond at 500 cycles 
per second, and 5 microseconds at 250 cycles per second. 
The output waveforms obtained from this modulator are 
typicalof radar practice and are shown in Plate LX. Plate IX (a) 
shows the voltage waveform when power is delivered to an 
800 ohm non-inductive resistor. The oscillations on top of the 
pulse are characteristic. The second oscillogram, Plate IX (6), 
shows the voltage pulse with a magnetron as load. The flat 
top of this pulse illustrates the effect of the constant voltage 
characteristic of the magnetron. The third oscillogram, 
Plate IX (c), that of magnetron current, shows oscillations 
which are a little greater than those with a resistive load. 


CHAPTER VI 


MICROWAVE TRANSMISSION AND CAVITY RESONATOR 
THEORY 


1. Microwave Transmission Lines 


Tur function of a transmission line is to transfer electro- 
magnetic energy from one point to another with the least loss. 
The conventional transmission line of two conductors is well 
known as a means of doing this. Either the conductors are 
external to each other as in the case of the twin wire line or one 
completely surrounds the other as for the coaxial transmission 
line. In the former case the fields spread out into space and 
loss of energy results at short wavelengths. A coaxial trans- 
mission line however confines the field within the outer cylinder 
and therefore is not subject to attenuation by radiation. 
In the region of decimetre wavelengths twin wire lines become 
unusable. The transmission lines used at these and shorter 
wavelengths are the object of our attention here. 

Well into the microwave region the coaxial line continues to 
be used until accumulating disadvantages limit its further 
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Figure 5. Field of use of various transmission systems. 


application. In addition to the two conventional types of 
transmission line there is the hollow pipe or waveguide. Un- 
like the former which find use from the longest wavelengths 
down, the waveguide does not become practical until short 
wavelengths are reached. Fig. 65 illustrates the relation 


be oveen the regions in which the various lines are used. It 
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will be seen that the twin line is of no importance in microwave 
transmission but that coaxial and waveguide transmission 
are both met over nearly the whole region. 

The word microwave is roughly synonymous with centimetre- 
and-decimetre waves but its real use is to designate certain 
techniques—consequently definite wavelength limits cannot 
be set to the microwave region. The techniques symptomatic 
of microwaves involve the use of completely enclosed apparatus 
such as waveguides and electromagnetic cavities. 





2. Waveguides 


A waveguide is simply a hollow conducting pipe through which 
electromagnetic waves will travel. It differs from the con- 
ventional transmission line in having no return conductor and 
therefore its operation cannot be visualised in terms of current 
and voltage waves—though the idea of impedance can be 
retained. To deal with waveguides it is necessary to move 
the emphasis from voltages and currents to the electric and 
magnetic fields confined within the guide. Virtually all the 
field is restricted to the diclectrie medium filling the guide ; 
for alternating fields cannot exist within a perfect conductor 
and penetrate only slightly into practical conductors at radio 
frequencies. 

Many different field patterns can be propagated along a 
waveguide or transmission line but with a two-conductor line 
emphasis falls on one only of these modes, the conventional 
mode for which the electric and magnetic fields are purely 
transverse. The existence of possible higher modes of pro- 
pagation on a twin wire or coaxial line may usually be safely 
forgotten for a reason which appears below. However in a 
hollow pipe the conventional or Transverse Electro-Magnetic 
(TEM) mode cannot exist and attention must be focused on 
the higher modes of propagation. They are conveniently 
classed as transverse electric and transverse magnetic accord- 
ing to whether the electric or magnetic field remains purely 
transverse. Hence their distinguishing feature is the presence 
of a component of field in the direction of propagation. If 
longitudinal components of both field types are present the 
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pattern is regarded as a linear combination of transverse 
electric and transverse magnetic modes and each is treated 
separately. In general the phase velocities of the components 
will not be equal and the pattern will change as it travels. 

Figs. 66 and 67 illustrate fields in coaxial line and circular 
waveguide. In the former the field components are completely 
transverse while in the waveguide, although the magnetic 
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Figure 66.—Conventional mode in coaxial transmission line. 


[= Semi- wovelength = 





Figure 67.—TM,, mode in circular waveguide. 


field is similar, the electric lines turn out of the transverse 
plane and make their way back to the outer wall, having no 
central conductor on which to terminate. 

The property of higher modes which distinguishes them from 
the conventional mode, is the possession of critical wavelengths. 
Thus although waves of any frequency can negotiate a two- 
conductor transmission line, the absence of the conventional 
mode from a waveguide divides the spectrum into transmitted 
and non-transmitted frequencies. For example, electro- 
magnetic waves at optical frequencies will pass down a hollow 
pipe of moderate size whereas waves at power frequencies will 
not. These extreme cases are well away from the critical 
wavelength, Microwave transmission through a waveguide 
is carried on at a wavelength just shorter than the critical 
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wavelength. Another way of stating this is to say that the 
waveguide is made just large enough to transmit the wave- 
length in question. 

Each possible field pattern in the waveguide has its own 
critical wavelength which must not be exceeded if there is to 
be propagation. A waveguide is usually designed so that it is 
large enough to transmit in the mode with the longest critical 
wavelength (the dominant mode) but not large enough to 
transmit in the next higher mode. If in a particular trans- 
verse section of a guide a field pattern is applied which cannot 
propagate, then the pattern is attenuated exponentially along 
the guide at a rate depending on how close it is to its critical 
wavelength. In general the higher the order of a mode the 
more rapidly it is damped out. Fig. 68 shows how the field 


eae 


Figure 68.—TM,, mode in pipe too small to allow propagation, 


in a circular waveguide falls off when a circular magnetic 
field is applied at the mouth. The mode is the same as that 
which in Fig. 67 is shown travelling down a pipe of larger size. 

It can now be seen why the existence of higher modes is not 
of importance in conventional transmission lines—for at 
wavelengths longer than the critical wavelength no energy 
can be transferred save by the conventional mode. As the 
longest critical wavelength in a coaxial line cannot exceed the 
circumference of the outer conductor only at the shortest 
wavelengths do new considerations arise. The part played 
by attenuated modes in coaxial lines is one of adjusting bound- 
ary conditions. For example the field impressed on the mouth 
of a coaxial line may be neither circularly symmetrical nor 
inversely proportional to the radius, yet a short distance along 
the line the field will be quite pure. This is accounted for by 
analysing the applied field into an infinite series of orthogonal 
patterns all of which save one are attenuated to negligible 
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proportions in a distance of the order of a diameter. That 
pattern which alone can propagate therefore exists in complete 
purity save in the immediate neighbourhood of discontinuities. 


In a waveguide whose surface is perfectly conducting a pro- 
pagated wave suffers no attenuation, but in a waveguide of 
finite conductivity the current flow in the walls results in the 
development of heat which appears at the expense of the 
energy of the field. As the amount of heat liberated per unit 
distance at any section is proportional to the power crossing 
the section, the wave is attenuated exponentially with distance 
just as waves on conventional transmission lines. This sort 
of attenuation, which is due to conductor losses, represents 
a real loss of energy whereas the attenuation in a pipe too 
small to allow propagation is reactive. 


In choosing between the waveguide and coaxial line for a 
particular application four factors are considered. These are 
dielectric loss, conductor loss, power handling capacity and 
mechanical convenience. Without considering details a ten- 
dency may be observed for waveguide to replace coaxial line 
as the wavelength shortens, first for the transmission of high 
powers and later for local oscillator and signal powers. Thus 
a decimetre-wave radar may have large air-filled and small 
polythene-filled coaxial lines for transmitter and_ receiver 
respectively, a set operating on short centimetre waves may 
have waveguide in each case, whereas at frequencies between 
the extremes it is common to find the transmitter power 
eee by waveguide and the low powers by flexible polythene 
cable. 


We have seen that there are numerous modes of transmission 
through waveguides each with its own critical wavelength 
and phase velocity and that at frequencies higher than the 
critical frequency there is a damped travelling wave, whilst 
nt lower frequencies there is an attenuated standie wave. 
lo illustrate the derivation of these and other senate, we con- 
sider in detail the rectangular waveguide. 
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3. Rectangular Waveguide 


Solution of Maxwell’s Equations 


The following theory applies to transverse electric modes in 
rectangular waveguides. In a passive medium characterised 
by permeability «, permittivity ¢ and conductivity g, Maxwell’s 
equations for harmonic electric and magnetic fields are 


curl E = — joyrH (1) 
eurl H = (g + jwe)E (2) 
in rationalised m.k.s. units.1 A factor exp (jwt) is omitted 
from all field expressions. ‘To specify a medium we may take 
instead of su, € and g the derived constants 1 and o such that 


bo JO : ‘ 
SS \f'- : =R+ 7X (3) 
g + jwe 


o= Viong + joe), (4) 
where 7 is the intrinsic impedance of the medium, o is the 
intrinsic propagation constant and R and X are the intrinsic 
resistance and reactance. The propagation constant of a 
plane wave in the medium is the same as o whilst 1 is the 
ratio of the electric to the magnetic field of a plane wave in the 
medium. The same advantages are gained by using these 
derived constants as are gained in transmission line theory 
by working with characteristic impedance and propagation 
constant instead of the distributed parameters L, C, R, G. 








and 


We desire to find solutions of equations (1) and (2) inside 
a rectangular pipe extending in the z-direction and bounded by 
the perfectly conducting planes x = 0,a@ and y = 0, 6. On 
these planes there must be no tangential component of electric 


The rationalised metre-kilogram-second system of units is used through- 
out this book. For information on this system of units see J. A. Stratton, 
Blectromagnetie Theory, MeGraw-Hill, New York, 1941. The — quan- 
titi appearing in| Maxwell's equations are measured in the following 
units :— E (electric field strength), volts per metre ; H (magnetic field strength) 
amperes per metre; g (conduct y), mhos per metre; p (permeability), 
henries per metre ; € (permittivity), farads per metre. The permeability 
of free space (,) is 47 x 10-7 henries per metre: the permittivity of free 
space (¢,) is 8°85 = 10°™ farads per metre and the intrinsic impedance of 
free space (7,) is given by (nu, «,)! = 1202 = 377 ohms. 
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field and no normal component of magnetic field. In Cartesian 
coordinates the equations become 


6E, 
dy 
oF, 
oz 
OE, 
Ox 
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= —jouH, 
(5) 


= (9 + jwe) E, 
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“oer (9 +jwe) By 


aH, 


= (9 + joe) E,. 


We shall now assume that a solution exists such that the 
electric vector is everywhere parallel to the y-direction ie. 
that £, = E, = 0. By assuming £, = 0 we are restricting 
the solutions to the transverse electric class. By the further 
assumption that 2, = 0 we shall be left with a special set of 


transverse electric 
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waves. The equations now become, 
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Eliminating H, 








eb, ob, , 
aes gar Ee (7) 
where 
= jou (g + jwe). (8) 


From this partial differential equation for the single field 
component EF, we obtain the solution by separation of variables 
by substituting L, =X(x)Z(z). The resulting total differential 
equations for the sought functions X and Z give 


X(x) = Asinhx -+ Bcos hx (9) 
Z(z) = C exp (Iz) + D exp (—I=) (10) 

where 
h? = I? — 0, (11) 


To determine the integration constants we note that as 2, must 
vanish for a = 0,a 


X(x) = Asin = sets (12) 


and as the terms of Z evidently represent waves travelling in 
opposite directions we may take C = 0 and consider only waves 
travelling in the positive z-direction. Then if Z is the maxi- 
mum value of the electric field, 


E, = B sin "™* exp (— Iz) (13) 


where 


Pe (2) sigh (14) 
a 


The propagation constant /”is equal to % + jp where « is the 
attenuation constant and f the phase constant. 


For the remaining field components we have from (6) 








ee cope opt (15) 
jopa a 
TE 3 

H,=- - sin aE exp (— Tz). (16) 
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Since E, is the only component of electric field, the lines 
of force are normal to the guide faces at y = 0, 6, and since 
E, has been made to vanish when x = 0, a, there is no com- 
ponent tangential to the faces x = 0, a. It can be seen from ° 
the expressions for the field components that H, is identically 
zero and that H, vanishes on the wallsz =0,a. The boundary 
conditions are therefore satisfied. 


Propagation Constant and Critical Wavelength 


If the medium is loss-free, i.e. g = 0, equations (8) and (11) 
give for the propagation constant 


since . 
wep)! = 22/4, (18) 


where / is the wavelength of a plane wave of angular frequency 
o in the medium filling the waveguide. 


If 2 is small enough to make I" imaginary then the field 
equations represent a pattern propagated in the z-direction 
but if J’ becomes real we have a stationary pattern which 
attenuates exponentially with distance. The critical wave- 
length which 4 must not exceed if propagation is to take place 
is given by [7 = 0. Hence 


A. = 2a/n. (19) 


In the case of propagation we have zero attenuation constant 
and J’ = jp where 


; ot AeNt 
p= TT G) — 1 radians per metre. (20) 


In the case of attenuation the phase constant is zero and J" = « 


where 
Dip | rN: 
oe i 1— (3) nepers per metre. (21) 
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The longest critical wavelength corresponds to n = 1 and 
is twice the length of the side perpendicular to the electric 
field. Fig. 69 shows the pattern which is obtained when the 
wavelength is shorter than critical and Fig. 70 shows the 





Figure 69.—Field pattern and coordinates for rectangular waveguide. 


attenuated field for the same mode. The pattern of Fig. 69 
is to be regarded as moving down the waveguide with a velocity 
fA, which is somewhat above that of light. At fixed points 
in the median plane of the guide the electric and magnetic 
fields will be in phase, reaching their maxima together, At 
other points there is a phase difference which approaches 
90 degrees at the walls x 0, a. The patterns of Fig. 70 





Figure 70, Attenuated field of the usual mode in a waveguide too small 
to allow propagation. 


are stationary in space but collapse and re-establish themselves 
harmonically with time. There is a 90-degree difference 
between the phases of the electric and magnetic fields so that 
when the electric field is as shown there is no magnetic field 
and vice versa. This field simply represents a periodic inter- 
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change of electric and magnetic energy without any net 
transfer. To amplify these remarks we note from (13) and 
(16) that H, = (— I'/jop) E,. Thus when I is imaginary 
the transverse field components are in phase and there is a 
net flow of energy but when Jis real the fields are in quadrature 
and there is oscillation of stored energy only. 


‘e- 


Figure 71.—Attenuated field of the TE,. mode in rectangular waveguide. 








Hx 





Fig. 71 indicates the meaning of the integer n which may be 
described as the number of half-period variations along the 
x-direction of any field component. The figure shows a field 
corresponding to n=2. 

Phase Velocity 
The propagation constant determines the wavelength in the 


uide, , 
8 A, == 229/T 
; (22) 
~ fl = (A 
or in simpler form, 
1 1 1 
a ee 
Ae RA KP 
The phase velocity is given by 
vy = fi, 
= v 
Ll — (A/2,)7}! 
joa jo 
= Se a (23) 
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where v = (e)~? is the velocity of a plane wave in the medium 
filling the guide. 


It will be noticed that the wavelength in the guide exceeds 
the wavelength of a plane wave in the medium and that the 
phase velocity is greater than that of light. 


Group Velocity 


Propagation in a waveguide is dispersive, i.c. different fre- 


quencies travel at different velocities. The dispersion is 


normal since the velocity decreases with frequency. A group 
velocity may be calculated from the usual formula 
“=, — yrs (2+) 
: “dd i 
giving ye? = 
“= —: (25) 
5 


Since v, > v it follows that uw < ¢ Le. the group velocity is 
always less than the velocity of a plane wave in the medium. 

From the field equations we can find the density of energy 
and flow of power and thus make a direct calculation of the 
velocity with which energy is transferred through the wave- 
guide. The mean flow of power P down the guide is given 
by the real part of the flux of the complex Poynting vector [] 
through a transycrse section 


p= ke || Mad (28) 
where dZ is an element of area in a transverse section and 
Il = {E x H*. (27) 
ss il. 1B Ht 
1 an sin? nae (28) 
“you a 
Hence Ay inh 
Pp = | fn. dey 
e a o 
ven (29) 
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At a point where the electric field strength is E the density 
of electric energy is «#?/2. As the electric field in the guide 
is distributed sinusoidally in two dimensions (the x- and z- 
directions) with a maximum strength #, the mean electric 
energy density taken over a section of guide A,/2 long is one 
quarter this value. Taking account of the equal quantity of 
magnetic energy we have for the total average energy density, 

ek? 


U=— (30) 


The energy transport velocity u can be found from 


P 
Ky 31 
¥ abU (31) 
whence 


i 2x 


u=- = 
jwope wdiue 








v2 

ee (32) 
The velocity of energy flow is therefore less than the velocity 
of the wave and is equal to the group velocity. 


Attenuation 


To find the attenuation due to the finite conductivity of the 
walls we calculate the power flow into the walls. The attenua- 
tion in nepers per unit length is then one half the fraction 
of the transmitted power which is lost in unit length since 
dP/dz = — 24P.. From equation (13) which introduces the 
definition of attenuation constant we see that the neper, unlike 
the decibel, measures the attenuation of field or voltage but 
not power. When the two units are mutually convertible, 
one neper equals 8-686 decibels. 

Assuming that the loss of energy does not appreciably 


modify the field distribution, the complex power flow into unit 
length of the walls is 


} ( [ E.H} dS (33) 


va 


where E, and H, are the tangential components of the field 
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and dS is an element of area of the walls. 
electric field EZ, is given by 


t E, = nH, (34) 
where 7 is the intrinsic impedance of the conductor. Since 


n = [joulg + jwe)]}! and therefore in a conductor 
n = (jou/g)* we have 


The small tangential 


E, = Rl +3), (35) 

where R the intrinsic resistance of the conductor is given by 
wun 

R= ($*) ohms. (36) 


The intrinsic resistance of a conductor is equal to the resistance 
to direct current of a square piece whose thickness is equal to 
the skin depth. Intrinsic resistance increases as the square 
root of the frequency and is least for good conductors. 


We may obtain the skin depth 6 from the relation 








l ‘ 
He (37) 
giving 
V2 
, = i 38 
Aare (38) 


Skin depth is defined so that the total current in the surface 
of a conductor, uniformly distributed to a depth 6, would 
dissipate the same power as the actual exponentially distributed 
current. Curves showing the skin depth for various conductor 
materials and frequencies are given in Fig. 106, Chapter VII. 
The skin depth in a conductor increases as the square root of 
the wavelength and is least for good conductors. 
TABLE 4—CONDUCTIVITIES RELATIVE TO COPPER 

















Conductor Ag Cu Au Al Zn Brass 
Fs roe | 100 | o70 | 061 | 0-28 | 024 
ge o97 | 100 | 119 | 128 | 1-90 | 204 





For copper we have Ry = 0-004524~* ohms and 
5, = 3:8At x 107® metres and for non-magnetic materials 
whose conductivity relative to that of copper is g, we have 
R =Rg,7! and 6 = 6g,—3. Table 4 gives the factor g, for 
a few metals. 
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At a wavelength of 10 centimetres Ro = 0-0143 ohms and 
dy) = 1-2 x 107§ metres which is no more than twice the 
wavelength of light. 

The average flow of power IV into unit length of the walls is 
the real part of equation (33), hence 


(ee i HH} ds. (39) 
The energy lost per cycle, 27I’/w, is 
I] x0 (4H, H;) dS. (40) 


As }4,H,H? is the density of magnetic energy at the surface 
of the conductor this result means that in each cycle an amount 
of energy is dissipated equal to the magnetic energy stored in 
a skin of thickness 76. An idea of the order of magnitude of 
the attenuation in a waveguide may therefore be formed by 
comparing the area of this thin skin (70 x perimeter) with the 
cross-sectional area of the guide leading to 


xO X perimeter (BY 2 
4 -w 41 
o Oo ae 7_) nepers per guide-wavelength (41) 
or, approximating further 


26 x perimeter 
2 = eee nepers per metre. (42) 
A xX area 
‘These formulae show clearly how waveguide attenuation 
depends on wayelength, conductor material and size and shape 
of guide and readily yield its order of magnitude. 
Now splitting I into two integrals over the walls parallel 
and perpendicular to the electric field 


b 
w=Rf HH dy +R c HH; dx 
0 


_ —RtPbE? Rak? 


Ta? 27? 


Rak? 2h fA? 
"ae [: = (2) | (43) 
27) a me 


ssere the intrinsic impedance of the medium in the guide is 
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(u/e)'. The total power flowing through the guide is 
p= ab TE? 





= 44 
djpwy ei 
Hence the attenuation is 
W 
a= ip 
a he ee 
“f+? G)] 
b A. ; (45) 


de Ne 
afi =, C) ] 
he 
Thus for a copper waveguide 3 inches by 1 inch internal 
dimensions this equation gives an attenuation of 0-00253 nepers 


per metre at a wavelength of 10 centimetres. From the 
approximate formula (41) we have 0-0026 nepers per metre, 


Review 

In the preceding paragraphs the properties of a simple wave- 
guide have been worked out. Starting from Maxwell’s equa- 
tions and applying the boundary conditions for a rectangular 
conducting pipe we have derived a set of solutions [equations 
(13), (15), (16)] in each of which the electric field is everywhere 
parallel to the y-direction. Each of these modes has its 
critical wavelength given by equation (19). At shorter wave- 
lengths than the critical the wave travels with a velocity 
given by equation (23) and at longer wavelengths equation 
(21) gives the attenuation constant governing its decay. 
The group velocity has been calculated from the known fre- 
quency-dependent wave velocity [equation (25)] and shown to 
be equal to the speed at which energy travels in the guide. 
This speed is always less than that of a plane wave in the 
medium whereas the wave itself always travels faster than a 
plane wave. By taking into account the energy spent in 
heating the walls of the waveguide, the attenuation constant 
has been found [equation (45)] and a useful approximate 
result. given [equation (41)]. The latter shows that wave- 
guide attenuation per wavelength is of the order of the ratio 
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of skin depth in the conductor to the linear dimension of the 
cross section. For a given waveguide the attenuation constant 
increases as the square root of the frequency but if the size 
of the waveguide is changed in proportion to the wavelength 
the attenuation constant increases as the sesquialterate power 
of the frequency. Field equations for the circular waveguide 
are given in section 7. 


4. Synthesis of Waveguide Fields 


The procedure just described for investigating the properties 
of a waveguide exemplifies the method of attack on waveguides 
of other shapes, i.e. Maxwell’s equations are written out in a 
suitable coordinate system and solved for the appropriate 
boundary conditions. In the case of the rectangular wave- 
guide carrying modes such as those we have been discussing, 
an alternative method is available which leads to a useful 
physical picture of the guided wave. 


Consider an infinite conducting plane in a loss-free dielectric, 
upon which is incident an infinite plane wave whose electric 
vector is parallel to the plane (Fig. 72). 





Figure 72. Plane wave incident on a conducting sheet. 


At the plane the electric field is annulled and the reflected 
wave sets up an interference pattern which moves without 
change along the plane. . 
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Fig. 73 shows the crests and troughs of the electric field. 
There is no net flow of energy in the direction normal to the 
plane, but there is a steady flow parallel to the plane. If x is 
measured normal to the plane, y parallel to the electric vector 
and z is the direction in which the energy moves, the only field 
components are E,, H, and H,. If 2 is the wavelength of 
the incident radiation and 0 is the angle of incidence, #, will 





Figure 73.—Interference pattern at a conducting sheet. The electric 
vector is normal to and the magnetic field parallel to the plane of the 
diagram. 


be zero on the planes x = 0, $nA sec 0 parallel to the reflecting 
sheet, Consequently a conducting plane can be introduced 
into the field at a distance 3A sec 0 without disturbing the 
distribution. Moreover if conducting planes are introduced 
at y = 0,b the boundary conditions will still be satisfied by 
the existing field. 

We are now left with a travelling wave in a rectangular 
pipe. The field is the sum of two plane waves whose wave- 
fronts make an angle @ with the axis, and which are reflected 
back and forth down the pipe. The distance measured along 
the pipe between points in the same phase exceeds the wave- 
length in the medium and from Fig. 73 is seen to be A cosec 6, 
hence the phase velocity v, = v cosec 0. If the width of the 
pipe a = $A sec 0 is kept fixed, then as the wavelength of the 
radiation is increased the angle 0 approaches zero, the phase 
wavelength approaches infinity and the direction of the com- 
ponent waves approaches normal incidence on the walls. 
When 0 is zero, A = 2a; consequently 2a is the critical wave- 
length which 4 may not exeeed. For very short wavelengths 
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6 approaches 90 degrees, the phase wavelength approaches 
the wavelength of a plane wave in the medium, and the 
direction of the component waves lies mainly along the 
axis. The energy velocity, as we have seen, is v?/v, = v sin 0 
and this is the resolved part of velocity of the plane 
wave components along the axis. If the amplitude of 
the plane waves is }£ then the maximum electric field is EL. 
The power carried by such a plane wave is E?/87 per unit area. 
If we double this, resolve along the axis and multiply 
by the area of the pipe, we have for the flow of power, 
P = E? ab sin 0/47 = E? abi/4yA4, which agrees with (44). 
We also observe that since 2/4, == sin 0 and 2/2, = cos 9 it 
follows that (A/2,)? + (4/A,)? = 1. The transverse com- 
ponents of electric and magnetic fields are in a constant ratio 
independently of the coordinates. Fora plane wave E/H = 7; 
in the waveguide, —E,/H, = »/sin 0 = 4A,/A = jop/T. 

Most of the results for the rectangular waveguide have now 
been obtained by the method of decomposition into plane 
waves. 

5. Nomenclature of Wave Types 


To illustrate the rectangular waveguide modes other than those 
discussed here in detail, Figs. 74, 75 and 76 have been prepared. 





Figure 74. — Electric lines in transverse section of a waveguide carrying 
the TE,, mode, Conducting partitions may be inserted along the dashed 
lines without disturbing the field. Each cell then carries a TE,, wave. 


The TE,, mode is the one with which we have been mainly 
concerned and the subscripts indicate that there is one half- 
period variation in the 2-direction and none in the y-direction. 
The clectrie field in the transverse plane of the 7#,, mode 
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(Fig. 74) shows three half-period variations in one direction 
and two in the other and we see that the wave may be re- 
garded as divided into six equal cells in each of which a TE, 
mode is present. The dividing walls between the cells occur 
at places where conducting planes could be inserted. To 





Figure 75.—Magnetic lines of the TM,, mode in rectangular waveguide. 
Each of the six cells carries a TM,, wave. 


visualise the 74, mode (Fig. 75) one should fill each cell 
with a 7.M,, wave. As neither of the subscripts of transverse 
magnetic waves can be zero, all modes in rectangular wave- 
guides are built up from three simple modes only. These are 
the TE, TE,, and T'M,,. A grasp of these three modes of 
propagation, together with the fundamental circular electric 
mode, will be found sufficient for forming a qualitative picture 


TIL Lt On 


TEx TE\ 





Figure 76.—Electric field of the TE;, mode. Each of the cells carries 
a TEy) wave. 


of the modes of transmission in waveguides of circular or 
any other cross-section. To illustrate this Fig. 77 compares 
corresponding modes in rectangular and circular waveguides. 
The correspondence is such that one pattern may be trans- 
formed into the other by continuous deformation of the wall. 
The circular electric mode, which is also shown, has no analogue 
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in rectangular pipes—deformation of the pipe causes lines 
of force to snap and simple squeezing into a rectangular shape 
results in a TH) mode. 

The nomenclature of wave types in circular pipes is dis- 
cussed in section 7 under circular cylindrical resonators. 


Qeoacg 
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TE. TE TMi 


Figure 77.—Corresponding modes in circular and rectangular pipes. 


6. Waveguide Impedance Theory 


Normalised Impedances in Waveguides 


Much of the foregoing matter has been concerned with em- 
phasising the differences between waveguides and conventional 
transmission lines and these differences must be kept in mind. 
Yet there is a similarity between the two which is most impor- 
tant in practice for it allows the impedance-measurement 
techniques in use with conventional lines to be applied to 
waveguides. If, in a length of waveguide, discontinuities 
are so remote that the dominant mode exists in virtual purity, 
then there will in general be unequal waves travelling in 
opposite directions and giving rise to a standing wave pattern 
such as might be found on a conventional transmission line. 
The pattern is sufficiently specified by two real numbers : 
the standing wave ratio? S which is the ratio of the minimum 

? Standing wave ratio so defined lies between 0 and 1. The reciprocal is 
sometimes used in which case standing wave ratio ranges from 1 to @. Two 


advantages are possessed by the present definition : on the Kennelly charts 
the standing wave ratio of every circle centred on the real axis is readily 





found as the abscissa of its intersection with that axis, on the Smith chart 
equal ineremments in standing wave ratio produce roughly equal increments 
in the radii of the cireles of constant standing wave ratio, thus facilitating 


interpolation. 
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to the maximum field and the space phase 6 which is the dis- 
tance in angular measure of a minimum from a fixed reference 
point. Fig. 78 shows the standing wave on an actual trans- 
mission line. The two quantities S and @ may now be used 
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Figure 78.—Standing wave pattern on a transmission line. 


to define the impedance at the point A by analogy with the 
conventional line for which 


= Zo (S, 9) (46) 
where Z, is the characteristic impedance of the line. So far 
the question of the characteristic impedance of a waveguide 
has not arisen, nor need it here for it will be sufficient to have 


a definition of the normalised impedance ¢ at a point in a 
waveguide 


Z 
t=— =¢4(S, 6). 47 
g Z.  (S, 6) (47) 
The actual form of the function ¢ is 
¢(S, 0) = tanh (artanh S + 79). (48) 


It will be noticed that in this definition of impedance no 
ratio of voltages and currents is implied. We have simply 
defined a function of the observable quantities S and 0, which 
replaces the customary impedance of conventional line theory, 
when we are dealing with reflections and impedance matching. 


Limitations of the Theory 


As an example of the meaning of waveguide impedances, 
consider a metallic obstacle placed in a transverse plane of a 
waveguide. Suppose that a generator feeds one end of the 
waveguide which extends to infinity. Near the obstacle the 
field will be distorted in such a way that the electric lines 
terminate normally on the conducting surface. The total 
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field may be regarded as the sum of a number of the possible 
patterns which can exist in the undisturbed guide. Well 
away from the obstacle only the dominant mode will be found 
as no other mode is capable of propagation. Near the obstacle 
as many additional modes occur as are necessary to satisfy 
the boundary conditions and they are attenuated exponentially 
in both directions. ‘The dominant mode will be found travel- 
ling in both directions between the generator and the obstacle 
but beyond the obstacle travelling outwards only. These 
are the incident. reflected and transmitted waves. As far 
as the behaviour of the dominant waves is concerned the system 
may be interpreted as a uniform line having a shunt reactance 
at the position of the obstacle. If the reactance is negative 
then the energy stored by the local fields will be predominantly 
electric. 


The last paragraph indicates that the analogy with the con- 
ventional line has strict limitations. Two conditions which 
must be fulfilled are firstly that only one mode can be propagated, 
and secondly that attenuated modes shall be negligible, in 


the neighbourhood of the point where impedances are to be 
measured, 


Impedance Charts 


The bulk of numerical work with transmission lines is carried 
out graphically on charts of two kinds, the Kennelly chart, 
Fig. 79 and the Smith chart,3 Fig. 80. Each of these consists 
of two sets of superimposed orthogonal networks, one of 
Sand @, the other of normalised resistance (op = R/Z») and 
reactance (& X Z,). A point on the chart is therefore 
characterised by a pair of values of S and § and the components 


ef a complex impedance 2 which satisfies the relation 
¥ 6 (S, 4). 


H PALE. Kennelly, Chart Ades of Compler Hyperbolic and Circular Functions, 
arvard University. Press, Combridue, Mass.. 1924 (of this collection the 
Ayperkolic tangent charts are the ones referred to here): and P, H. Smith, 

Pransmission line ealealator, Electronics, Vol. 12, January, 1939, pp. 29-30. 
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To construct the Kennelly chart the relation 
¢ = tanh yw (49) 


where « = artanh S + j0 (0 in quadrants), has been plotted 
on the complex plane of ¢. 
By making the transformation 


fad 
w es 50 
Pe (59) 
the Smith chart is obtained. In polar coordinates, 
1-—S 
* == —— exp j20. 
we = —— A XPS 


As the Kennelly chart represents impedances in rectangular 
coordinates it is useful where lumped resistances and reactances 
occur and when calculations are carried out in terms of im- 





Figure 7!.— Kennelly chart used for transmission line caleulations. 


pedances, as for example when changes in characteristic ? 
impedance have to be made. In some experimental work the 
measurable quantities S and 6 may be sufticient for the cal- 
culations without at any stage changing to impedances. 
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Or again highly reactive impedances may be involved. In 
these cases the Smith chart has advantages for it is easier 
to plot on the S and 6 loci which are radial lines on concentric 





Figure 80.—Smith chart. Left—Resistance and reactance circles. 
Right—S and @ loci. 


Zo 





Figure 81.—Passing from the Kennelly to the Smith plane. 


_ circles, and in the second case the chart covers the whole 
semi-infinite range of values of ¢. In general it is found that 
one chart usually offers advantages over the other when & 
particular calculation is to be done and it is necessary to be 
familiar with both. Fig. 81 suggests a way of picturing the 
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transition from the Kennelly to the Smith chart showing how 
the infinite half-plane is compressed into a circle. 

The graphical charts are not only used for numerical calcula- 
tions. A good deal of qualitative thinking can be done quickly 
and easily with their aid which could otherwise hardly be 
done at all. Examples of this use are given in the next chapter. 


Wave Impedance and Power Flow 


So far the measurements discussed have been independent 
of the absolute level of the electromagnetic fields involved. 
Sometimes however one wishes to calculate the electric or 
magnetic field when the flow of power is given or to calculate 
one field component in terms of the other. This requirement 
introduces the idea of wave impedance which in a waveguide 
is defined as the ratio of the transverse field components. 
If w and v are mutually perpendicular directions in the trans- 


verse plane then the wave impedance is given by 
K,= = == = (51) 
v u 
The senses of u and v are chosen to make K, positive for a 
positive-going wave. In a rectangular waveguide carrying 
fields of the type discussed above, we have from equations 
(13) and (16) 


eo ht eS 
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From equation (29) the flow of power P down a rectangular 
waveguide is 





(52) 


— 


ry% 
- (53) 


z 


P 


| 


_@ 
a) 
where V = Eb exp (jot — Iz) is the integral of the electric 
field in the medium plane from one wall of the waveguide 
to the other. By comparing this equation with 


vv* 
~ Ze 


for a conventional transmission line one is tempted to define 





P (54) 
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the characteristic impedance of a waveguide by the formula 


2b 
Bia Ry (55) 
a 
Such a course cannot lead to error but if subsequently an 
attempt is made to find an analogue for J, the current in a 
conventional line, care will be needed. Suppose as is com- 
monly done, that the total longitudinal current 


a 
| Hx = — 
0 





; E exp (jot — Iz) 

Jour 

crossing a transverse line in the wide wall is called J. Then 
the two relations between P and J and between V and J will 
define two more characteristic impedances equal neither to the 
one already obtained nor to one another. One possibility is 
to have three different impedances but as they differ only by 
a numerical factor the course suggested here is to retain one 
only, the first mentioned, and modify the usual equations 
containing J. 





Thus 
2 * 
1 pe bead (56) 
16 2 
Fu Zk (57) 


It is reasonable to make the choice in favour of the equation 
containing P and V for the quantity V has important signific- 
ance relating to dielectric failure whereas J might with equal 
or more utility have been defined in terms of the maximum 
longitudinal current density as a(H,),,az- The advantage 
of the above procedure lies in having a definite though arbitrary 
characteristic impedance instead of three or none. It should 
be stressed that the characteristic impedance has been agreed 
upon only for the rectangular waveguide carrying the TZ’ 49 
mode but that in general a unique wave impedance is always 
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available. The characteristic impedance has two uses: 
(a) for simply relating potential difference and power and 
(b) for calculating reflections at a junction between two TE, 
waveguides of different dimensions. 


A 3-inch x 1-inch waveguide has a wave impedance of 
506 ohms and a characteristic impedance of 337 ohms at a 
wavelength of 10 centimetres. If one megawatt is flowing 
the maximum voltage is 2-6 x 104 volts and the gradient 
1:02 x 10° volts per metre. The maximum longitudinal 
current is 98 amperes and the maximum current density 
1-69 x 10° amperes per square metre for a copper waveguide. 


7. Cavity Resonators 


Solution of Maxwell’s Equations 

A dielectric region completely enclosed by a conducting 
surface constitutes a cavity resonator. Such a resonator 
possesses an infinite number of natural frequencies and corres- 
ponding field patterns. We shall first consider the case of 
perfectly conducting walls and non-conducting dielectric 
and then take account of damping. 


The differential equation which the electric field in a resona- 
tor (or waveguide) must satisfy is obtained from Maxwell's 
equations as follows : 

curl E = — joyH 


58 
curl H = joeE. ia 


Taking the curl of the first and substituting the second, 


curl curl E = o?evE (59) 
since curl curl = grad div — J? and since div E = 0 we have 
CE + wenE = 0. (60) 


This is the vector wave equation. Solutions to this equation 
are obtained by separation of variables. In a limited number 
of coordinate systems (about five all told) the vector wave 
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equation splits into three total second-order differential equa- 
tions and the field may be expressed as the product of the three 
functions satisfying these equations. Although direct solution 
by this method can be carried out for comparatively few 
shapes of cavity its value lies in the possibility of constructing 
further solutions by linear superposition. The problem is 
similar to that of acoustical resonance though more difficult. 


Once a solution for E has been found H can be obtained from 


yates 


wf 





(61) 


and will be found to satisfy the necessary boundary conditions, 
viz. that there should be no normal component of magnetic 
field and no tangential component of electric field on a per- 
fectly conducting surface. For over a closed path in the 
surface, f E-ds = 0 since there is no tangential component of 
E. Therefore ff curl E-ds = 0. Hence the normal component 
of curl E vanishes on the surface and H is everywhere tangen- 
tial. 


Rectangular Prism 


Consider a rectangular prism whose faces are at « = 0,4 
y = 0,b,z = 0,c. By writing the vector wave equation in 
Cartesian coordinates, separating variables and determining 
the constants of integration from the boundary conditions 
viz. E, = 0 when y = 0,a and z = 0,c, ete., we have for the 
various components 





kk 
b,= — pi E cos kx sin kay sin kz 
Nee eg eat 
i= ke + ke sin k,a cos kay sin kz 


BE, = Esin k,x sin ky cos kz (62) 
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H.=j &5 ay 
2 = jwe ke ake E sin k,x cos kay cos kyz 


he? 4 2 
HS jigs Boake kee 
,= joer hae cos kyx sin kay cos kz 
H,=0 
where 
ky =la/a, k,=max/b, ks = nz/c, (63) 
(220/ A)? = k,? + ky? + B33, (64) 


and /, m and n are integers. 


It will be noticed that His zero. One further set of linearly 
independent solutions exists for which LE, = 0. The two 
types of solution are called Transverse Magnetic (TM) and 
Transverse Electric (TE) modes. The three integers (J, m, 7) 
generate a triple infinity of each kind of mode. The resonant 
frequency of each mode is determined from the formula 


2 


for the modesTE,,,, and TM, n. The longest wavelength is 
obtained when one of the integers is zero and the two associated 
with the largest dimensions are unity. In this case the electric 
field is parallel to the least dimension which then plays no 
part in determining the resonant frequency, ie. the field is 
two-dimensional. Only in rectangular prisms is there complete 
degeneracy between TE and 7M modes. In practice slight 
departures of the shape from squareness will cause the modes 
to separate. Another type of degeneracy occurs if two dimen- 
sions are equal e.g. if a=b. Then the modes TE,,, will 
have the same frequencies as 7'E,,,. Further degeneracies 
occurring for particular shapes are called accidental. As 
smaller and smaller wavelengths are considered the number 
of resonances which can occur in a resonator becomes very 
large. For a rectangular prism the number of modes resona- 
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ting at a wavelength greater tham 4, is about 8 x volume/A,3. 
Thus a three-foot cube contains about 6000 modes with wave- 
lengths greater than 10 centimetres. A similar qualitative 


tw 


situation holds for resonators of any shape. 
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Figure 82.—Mode lattice for cylinder resonators. 


The distribution 


of modes in a circular cylinder can be obtained from Fig. 82 
which is a mode lattice’ suitable for numerical calculations. 


4R. N. Bracewell, ** Charts for resonant fi i vities,”” 
Radiophysics Laboratory, Report RP 336, Jnauacy, ne oe 
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The field components of transverse electric waves in a 
rectangular prism are : 


HH, =- pets H sin k,x cos kay cos kz 
H = — ft cos kyx sin key cos hye 
v ke tke Vv 2 3 

H, =H cos k,x cos kay sin kz 


(66) 


he 
V, =jop in? +f, aa cos kyr sin kay sin hye 


& 
ll 


? —jo- 

E, =0. 
Some combinations of the integers, J, m, n, lead to trivial 
solutions or to fields incompatible with the boundary conditions. 
There are no resonances unless the following conditions are 


fulfilled: 7 -+ m > 0 for 7M modes and (J + m)n > 0 for 
TE modes. 


+ ke H sin kyx cos kay sin kyz 


Circular Cylinder 


The field components for the circular cylinder are given for 
the 7'M,,,,, mode by 





C= | BS(kr) cos /@ sin = 
~ 
Ea = ae (Ar) sin 16 sin = 
E. = EJ (kr) cos 10 cos = 
(67) 
H, = 222 wi sis) sin 0 008 
kr h 
Hg= a EJ,(kr) cos 16 cos = 
A’. = 0; 


where (7, 0, z) are cylindrical polar coordinates, 1, m and n 
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are integers, h is the height and a the radius of the cylinder 
and 2,m = ka is the mth root of Jz) = 0. The resonant 
wavelength is given by 


@ <a) era): 8 


For the 7'E; ,., mode we have the following field components : 





nz ; NZ 
BS th HJ(kr) cos 16 cos [— 

nal ‘ NZ 
Hy =- Fon ET er) sin /6 cos — 
H, = HJ,(kr) cos 16 sin = 

(69) 

> _ Jap ie 2 . Nz 
Be By HJ,(kr) sin 16 sin = 





By — 22" HJi(kr) cos 19 sin — 
k h 
E, =0. 
In this case x,,, = ka is the mth root of J,(xz) = 0. Table 5 
gives a few values of these roots. 


TABLE 5—ROOTS OF BESSEL FUNCTIONS 


Zim 
TE, 1-8412 
TEx, 3:0543 
TEo, 3-8317 
TR 4-2014 
TE 4, 5°3175 
TE, 5-3315 
TM, 2-4048 
TM, 3-8317 
TM, 5-1356 
TM 2 5-5201 


‘The integers J, m. ». specifying the mode may be described 
as follows : 


1 = the number of full period variations undergone by any 
non-zero field Component as 4 varies from 0 to 27. 


m = the number of zeros of angular component of electric 
field in the case of TE waves or of axial component of electric 
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Figure 83.—Field patterns in cavity resonators. 


144 A TEXTBOOK OF RADAR [Ch. VI 


field in the case of 7M waves, lying on a radius, counting that 
at the wall but not that which may occur at the centre. 

n = the number of half-wave variations through which the 
standing wave pattern extends in the z-direction. 

Not all integral values may be assumed by /, mand n. Thus 
m cannot be zero. In the case of TE modes n cannot be zero, 
for this would involve a magnetic field parallel to the axis, 
which is not consistent with the boundary condition for mag- 
netic fields on the conducting dises closing the cavity. 

To calculate resonant frequencies for the circular cylinder 
the quickest procedure is to use the mode lattice shown in 
Fig. 82. 

Field patterns of simple modes in various cavities are 
illustrated in Fig. 83. The drawings give three-dimensional 
views of the electric and magnetic fields which bring out some 
general properties of standing wave patterns in resonators, viz. 
that where the magnetic field is strong, the electric field is weak 
and that the magnetic lines form loops enclosing the electric 
lines. It can be seen that the magnetic lines run tangentially 
to the surface whilst the electric lines terminate normally. 
In one case, the 7'£y,, mode in the circular cylinder, electric 
lines are shown which do not terminate at all but are closed 
on themselves. The phase relation of the two fields is such 





m circles 
& diometers 
n comportments 
Figure S4.—The subseript notation for circular cylinders. The TMoos 


mode isused as a model and H-lines in the transverse plane are shown. 


that the stored energy passes from one to the other each quarter- 
cycle or one is zero when the other is at a maximum. 

It is of help in picturing a given mode in a circular cylinder 
to know that metallic partitions can be inserted in the resonator 
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without disturbing the field and that the cells into which the 
resonator is thus divided contain fields resembling the 7’ 4,,, 
TE yy, TM oy) or TM, modes all of which are shown in 
Fig. 83. The partitions are planes containing the axis, planes 
normal to the axis and coaxial cylinders. Altogether there 
are / nodal diametral planes, m nodal cireles and n axial com-. 











% iH 


eae ‘ae 
Figure 85.0 The TE,., mode in a eylindrical cavity. 
partments. This is illustrated in Fig. 84 which shows the 
partitions for the 7.3/,,, mode and the H-lines in the transverse 
plane. Each cell contains a field resembling the 7. 4,, mode. 
Fig. 85 shows a cylinder containing the 7'2y,., mode. 
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Travelling waves in circular pipes are named just as in 
circular resonators save that only the first two subscripts are 
necessary. Travelling wave patterns, such as that of Fig. 69, 
may be obtained from resonator patterns by displacing the 
electric field one quarter-wavelength axially. Comparison 
-of the TE, travelling wave Fig. 69 and the 7'E,,, standing 
wave in a rectangular pipe, Fig. 83, shows the space relation 
between electric and magnetic fields in the two cases. In the 
first, one field type is at a maximum where the other is zero ; 
in the second, the transverse components of the two field types 
are everywhere in the same proportion. 


Field equations for the circular waveguide may be obtained 
from equations (67) and (69) by replacing cos naz/h and 
sin naz/h by exp (— j2a2z/4,) and j exp ( — j222z//,) respectively 
and multiplying by j the expressions for electric field, where 
(2/4,)2 + (2/2,)2 = 1 and the critical wavelength A, is related 
to the diameter of the pipe by 
Di = tie. (70) 


a a 


‘Table 5 allows D/A, to be evaluated or it may be taken directly 
from the D/A-scale of Fig. 82. The least value of D/i, is 
0-586. Hence the longest wavelength which can be pro- 
pagated in a circular pipe is 1-70 times the diameter and the 
mode is the TH#4). 

Instead of deriving the standing waves in a resonator directly 
it is possible (in cavities of constant cross-section) to build up 
the fields by superposition of equal waves travelling in opposite 
directions. Thus the circular cylindrical resonator may be 
regarded as a circular waveguide closed by plane ends an 
integral number of guide-wavelengths apart and the field as 
due to successive reflections of a travelling wave. 


Modes in resonators formed of coaxial cylinders closed by 
annular ends are named after the corresponding cylindrical 
modes into which the patterns pass continuously as the inner 
eylinder shrinks to zero radius. The TEM modes however, 
cannot exist in the absence of the inner cylinder. 
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Coupling® 


The cavities so far considered have been completely enclosed 
in a perfectly conducting envelope. We have shown that 
if any electromagnetic energy resides within certain cylindrical 
and prismatic cavities then it must be stored in one or more of 
the normal modes at the discrete natural frequencies of the 
cavity. If the slight spread due to finite conductivity of the 
walls is neglected, there can be no fields within the cavity, 
at frequencies other than the natural frequencies, in the 
absence of a generator. To sustain the field in a resonator 
a source of power must be introduced. Usually one desires 
to retain the properties of an undisturbed cavity so a small 
orifice in the wall is made and a field maintained across it 
resembling the field which would be there in the presence of 
the mode which it is desired to excite. Let the impressed 
fields at the point of coupling be Ey exp jot and Hy exp jut 
and let the fields at this point due to unit energy stored in 
the nth natural mode be E,, exp jw, and H, exp jo,f. Then 
every mode will be excited for which the scalar products 
E,:E, and H,-H, do not vanish. This does not mean that 
oscillations are set up at the various natural frequencies, but 
that the various natural patterns execute forced vibrations 
at the angular frequency w. The amplitude of excitation is 
proportional to the scalar products above but if o ~ wn, 
it is small. Often only the mode whose natural frequency is 
nearest to the impressed frequency need be considered. When 
the impressed frequency is very close to a natural frequency, 
the amplitude of excitation of that mode is enormous in 
comparison with all others and limited by the damping due 
to finite conductivity of the walls. 

It is worth while stressing the difference between free ‘and 

6 Coupling is diseussed in the following papers: FE. U. Condon, ‘* Forced 
oscillations in cavity resonators,” Jour. Appl. Phys., Vol. 12, February, 
1941, pp. 129-32; J. C. Slater, ** Forced oscillations in cavity resonators,” 
Massachusetts Institute of Technology Radiation Laboratory, Report 43-16, 
December, 1942; H. A. Bethe, ‘‘ Lumped constants for small irises,’ Mas: 
chusetts Institute of Technology Radiation Laboratory, Report 43-22, 
March, 1943; and S. A. Schelkunoff, ‘* Representation of impedance functions 


in terms of resonant frequencies,” Proc. I.R.E., Vol. 32, February, 1944, 
pp. 83-90. 
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forced vibrations in a cavity. A cavity with no source of 
power can only contain the natural field patterns at their 
respective natural frequencies whereas a cavity continuously 
excited by a simple harmonic oscillator contains, in addition 
to possible natural oscillations, any natural field pattern 
varying at the oscillator frequency. Figs. 67 and 68 show 
fields of the T/,, mode in circular waveguides of different 
sizes. In one case the fields extend with unchanged amplitude 
along the guide and in the other they are attenuated rapidly 
with distance. Forced patterns in a resonator behave in 
either of these ways and may therefore differ from the corres- 
ponding natural pattern to the extent that dependence on one 
coordinate may resemble a damped wave rather than a standing 
wave with nodes and antinodes. Some will make their pre- 
sence felt throughout the cavity whereas others will be localised 
in the vicinity of the coupling point. 


a 


gure 86. Window-coupling to a evlindrical cavity. 


Practical means of exciting cavities are divided into electric 
and magnetic according to the predominating component 
of the desired mode at the point of coupling. Both electric 
and magnetic coupling may be effected by feeding the cavity 
through a hole ina waveguide. Fig. 86 shows a cylindrical 
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cavity excited from a rectangular waveguide. At the coupling 
orifice there is normally no electric field so the coupling is 
magnetic. The magnetic field in the guide is tangential to the 
wall in the direction shown and any natural mode of the cavity, 
which calls for such a magnetic field at the orifice, will tend 
to be excited. A 7'#,, wave in the waveguide of Fig. 86 
would be suitable for exciting the 7’E,,, mode in the circular 
cylinder. Fig. 83 illustrates the latter mode. 

Fig. 87 illustrates two methods which are commonly used 
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Figure 87,—Means of coupling to cavity resonators. 


for coupling a coaxial transmission line to a cavity. The 
magnetic form of coupling comprises a loop which links with 
magnetic lines of force. The electric coupling may be re- 
garded as a small aerial exciting modes which have a normal 
component of electric field. In the last case the degree of 
coupling may be controlled by withdrawing the probe and in 
the first, one may simply rotate the loop. If only one mode 
is excited two positions of zero coupling will exist, but unless 
the loop is situated at a point free from electric field, the 
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positions of zero coupling are not in general 180 degrees apart 
nor are the amplitudes of excitation equal at the two positions 
of maximum coupling. 


Tuning 

Adjustments to the resonant frequency of a cavity resonator 
are conveniently made by making changes in the shape. A 
common way of doing this is to insert plugs through the walls. 
Often the effect on resonant frequency cannot be simply 
calculated but it is possible to say whether the frequency will 
be increased or decreased from a knowledge of the undis- 
turbed fields. If a conducting object is introduced into the 
resonator at a place where the electric field predominates 
then the resonant frequency will fall (Fig. 88). The frequency 
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Figure S8.—Effect of tuning slugs on resonant frequency. 


will rise if the object is placed in a strong magnetic field. A 
resonant coil and condenser show the same effect, for if metal 
is placed between the condenser plates the capacity increases 
Lut metal in the coil lowers its inductance. To estimate the 
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order of magnitude of the change we may assume that the 
proportional change in resonant frequency is equal to the 
average proportion of the total energy of the resonator which 
is stored in the electric or the magnetic form within the volume 
to be occupied by the plug. If the plug is to be inserted where 
there is both electric and magnetic energy, then the difference 
between the two average values must be taken. It follows 
that there are places in the walls of most resonators where 
plugs may be inserted without much change of frequency. 


For small plugs and small insertions the effect is roughly 
proportional to the volume of the plug and if the point is one 
of pure magnetic or electric field the proportional change in 
wavelength is approximately equal to the ratio of the volume of 
the plug to the volume of the cavity. A perturbation theory 
for obstacles in cavities is given by Slater in the paper men- 
tioned in the previous section. The approximate results 
given above represent the first term of a series developed by 
Slater. 


Damping 


The damping of fields in resonators results from energy loss 
due to the conductivity of the walls and dielectric. Where 
low damping is required dielectric loss can be rendered negli- 
gible in comparison with conductor loss by using air dielectric. 
Where both sorts of loss are present the resultant damping 
is the sum of the separate dampings. If the conductivity of a 
uniform dielectric completely filling the resonator is g and its 
permittivity ¢, then the damping is simply g/we for any shape 
or mode. In the more important case of conductor loss how- 
ever the shape and mode are very important. It is usual to 
work in terms of the reciprocal of the damping viz. Q which 
may be defined as 22 times the ratio of the mean energy 
stored in the resonator to the energy lost per cycle. Thus 


Q = oU/W (71) 


where U is the stored energy and IV the power dissipated. To 
calculate the Q of the resonator we must therefore first deter- 
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mine the fields inside it and then find by integration the energy 
of the field and the flow into the walls. Taking the scalar 
product of the first of Maxwell’s equations with H* and the 
conjugate of the second with E and subtracting we have 


H*: curl E — E- curl H* = — gE-E* + joeE-E* — jo «H'H* 


= div (E xH*). (72) 


Integrating over a volume bounded by a surface S, 


4 J [ « xH*)dS + dj | [! wH-H*dv — $jo Hf cE-E*dv 


4-4 I [ gE-E*dv = 0. (73) 


vd 


The real part of the complex Poynting vector }E x H* gives the 
mean power crossing unit area. In a uniform static field of 
strength E,, the electric energy density is }e#2; in an har- 
monic field E, H (x, y, 2) exp j (wt + «), the mean electric 
and magnetic energy densities are }¢«E‘E* and },H°H*. 
If the conductivity of the dielectric is zero, the last term in 
equation (73) representing the energy lost in the dielectric, 
is zero. The first term is equal to the complex flow of power 
across the surface S. If the surface is perfectly conducting, 
the vector product of E and H has no component normal to 
the surface. 


Consequently 


pe 


Lin iy Ee he Epes | [ EEt ad =0 (1) 


vd it follows that the mean values of the oscillating electric 
ind magnetic energies are equal. The total energy stored in @ 
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resonator is therefore twice the mean m 


S agnetic energy and is 
given by 


if 4 | | | HHH dv. (75) 


The mean flow of energy W’ into the walls is the real part of 
tiff £.H,*dS where EF, is the small tangential component of 
electric field and dS is an element of area of the wall. Now 


E, =R(l + j) A, (76) 


W =" I HA *dS (77) 


oe i | H-H*dS. 


Hence we have for the Q, assuming that the loss of energy is too 
small to appreciably affect the field distribution, 


Pa 6 aM ea [ | [ance 


=5 (78) 
R | [ nates 


where « is the permeability of the dielectric and R the intrinsic 
resistance of the conductor. If we assume that diclectric and 
conductor have equal permeabilities, the formula becomes 


2 | [| wud 


Pim toe (79) 


ffm 


where 6 is the skin depth. 


therefore 





An idea can be obtained of the order of magnitude of Q’s by 
assuming a uniform distribution of magnetic energy. A better 
approximation should result from halving the value obtained as 
magnetic fields tend to be strongest near the conducting surface. 
R.—6. 
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Then 
V 

0255 (80) 
where V is the volume and S the surface area. If the highest 
Q is to be obtained, the largest ratio of volume to surface area 
should be aimed at for the losses occur at the surface whereas 
the energy is stored throughout the volume. As the simple 
formula is approximate one cannot conclude that the resonator 
of highest Q for a given wavelength is spherical in shape. 
However the sphere is much better than either the cylinder 
or cube. 


The Q of cylindrical resonators may be calculated from the 
following dimensionless formulae derived from equations 
(67), (69) and (79). The quantity Q6/ is a function of mode 
and shape only and is of the order of magnitude unity. In 
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These formulae have been plotted for a number o 


Figs. 89 and 90. 
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Figure 89.—Q8/A for TE 
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Figure 90.—(Q8/A for TM modes in circular cylinders. 
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Equivalent Circuit 


The behaviour of a resonant cavity in the neighbourhood 
of a resonance is reminiscent of the parallel resonant circuit 
with small losses and suggests the existence of a parallel 
combination of Z, C and R which would accurately represent 
the resonator. To specify such a parallel circuit three quan- 
tities are necessary. These might be chosen as (LC)-}, 
-R(C/L)t and (L/C)! which are respectively the resonant 
frequency wp», Q and characteristic impedance. Now only 
two quantities are intrinsic in a resonator—resonant frequency 
and Q. Since there is nothing corresponding to characteristic 
impedance, none of the quantities Z, C and R is defined. 
However by making one arbitrary assumption one may obtain 
an equivalent circuit which is then not unique. For example 
one may assume a value of L, C, R or (L/C)! or arbitrarily 
define the voltage or current associated with the circuit. 

Cavity resonators, which are used for accelerating electron 
streams Fig 91, have a gap across which a voltage 
V = V,expj(@t + «) appears when electromagnetic power W 





Figure 91.—Resonant cavity with gap for accelerating ciectrons. 


is fed into the cavity. If the beam loads the cavity lightly, 
this power is absorbed in the walls. The suitability of the 
cavity for producing a high gap voltage from a given input 
power is measured by the shunt resistance R,, which is defined 
so that 
Pee ; ‘ 
= = 1K; (83) 
2R,y, 


158 A TEXTBOOK OF RADAR (Ch. VI 


ie. if the gap voltage were applied across the shunt resistance 
the dissipation would equal that in the cavity. Shunt resist- 
ance is a useful quantity in cavity resonators used for this 
purpose and owes its existence to the focusing of attention 
upon a particular line integral of electric force. 


A 


L 


Figure 92.—Shunt resistance of a cavity. The power dissipated in the 
cavity is equal to that which the voltage along the line of force A B would 
deliver to a resistance R,,. 


In general, if A and B are two points on the wall of a cavity 
at opposite ends of a line of electric force (Fig. 92), then since 


Ww = ur [| [ was (84) 
and ; 
B 
r=f | Eds, (85) 


we may define the shunt resistance for the path AB as 
B 2 

| | E-ds| 

Ry Se ae (86) 

R| | Has 

where dS is an element of area of the wall and the integral in 


the numerator is taken along the line of force AB. Sub- 
stituting for the line integral of E a surface integral of curl E 
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and recalling that curl E = — jwuH we have for R,, a formula 
involving magnetic field only, 


celine | 


KS = LN 
R I H-H*dS 


ww? 





(87) 


where 2 is any surface of which 4 B is part of the rim and the 
rest of the rim lies in the wall. If the relative permeabilities 
of dielectric and conductor are unity, the factor w?y?/R 
equals 2w 4/0. 


Values of L and C may be calculated from the Q and resonant 
frequency once R,, is known. However they may be calcu- 
lated by direct integration, when the path AB is specified, 
by using the relations 


3CVV* =U (88) 


ll 


LCo? =1 (89) 


where U is the energy stored in the resonator. 


= J ee ‘ (90) 
wn| fees 
ft | ii H-dz 1 


pif ma 


Thus 


Cc 


L (91) 


Equivalent circuits which may be used for calculations on 
cavities are given in Fig. 93. Only one resonant mode is 
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allowed for and this is usually satisfactory as the behaviour of 
a resonator is dominated by the mode whose resonant fre- 
quency is close to the exciting frequency. 


(0) 


(b) 


() 


Figure 93.—Equivalent circuits for cavity resonators. (a) Cavity with 
magnetic coupling. (b) Cavity with electric coupling. (c) Cavity with 
two coupling loops. 
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CHAPTER VII 


TRANSMISSION LINE AND RESONATOR TECHNIQUES 


In the previous chapter the theory of waveguides and cavity 
resonators has been discussed. It is now necessary to relate 
that theory to practical applications, and to discuss in some 
detail the more significant of these applications. In actual 
fact, more than the direct transfer of theory to practical 
equipment (i.e. working models) is involved; such aspects 
as economic considerations, ease of operation, wide utility 
etc., must also be considered. It is with these aspects as 
well as the application of theory that the following discussion 
will be concerned. 

When a particular system is to be described, it will be de- 
signated as either coaxial line or waveguide, these being the 
only two which are of concern in this chapter. 


1. Feeder Systems in General 


In a radar set, the feeder system connects the transmitter 
to the aerial and the aerial to the receiver and includes the 
auxiliary parts such as TR and RT switches. 

The main requirements of such a system are that the RF 
power be transmitted with negligible or small losses, and with 
freedom from electrical breakdown. In addition, as the radar 
set may be required to work on any one of a number of fre- 
quencies in a given frequency band, the feeder system and its 
associated parts must function equally well over the specified 
band. This eliminates the necessity for readjustment and 
tuning of the apparatus every time a change of frequency is 
made. In practice however, it may not be possible to obtain 
uniformly good performance over the entire band, due to the 
frequency-selective clements employed, and so a limit is 
set for the worst performance that can be tolerated. 


162 A TEXTBOOK OF RADAR (Ch. VII 


This limit varies according to the equipment used, but in 
some cases a voltage standing wave ratio as low as 0°5 is 
permissible, which corresponds to 10 per cent reflected power. 
Naturally it is preferable to obtain higher values of standing 
wave ratio. 

As the feeder systems usually employed are several wave- 
lengths long, the characteristics of the guide selected must be 
carefully considered. If, as is permissible, the losses in the 
guiding system are neglected as a first approximation, it is 
found that in the case of either the coaxial line or the wave- 
guide, the “characteristic impedance of the line ” is purely 
resistive. It can be shown that, for a transmission system 
with negligible losses and on the assumption of a linear power 
source, maximum power transfer occurs when at any point 
in the system the impedance looking in one direction is the 
complex conjugate of that in the other direction. 

In practice it is not possible to obtain a linear power source. 
With most types of power source, there is a certain load 
impedance into which maximum power will be delivered. 
Unfortunately this load value usually corresponds to a point 
of frequency instability and so a compromise has to be made 
to determine the operating conditions. If the feeder has a 
certain characteristic impedance, it is then necessary that a 
device be used to transform that value to the impedance 
required at the source. 

If the feeder be terminated by an impedance, reflection of 
power will occur except in the case where the load impedance 
is equal to the characteristic impedance of the feeder. 
Thus maximum power is only transferred to the load when its 
impedance is equal or ** matched” to the feeder. The pre- 
sence of reflected power, which produces standing wave patterns 
of voltage and current, causes increased conductor losses and 
increased electric stresses at voltage anti-node points in the 
feeder. In addition the feeder becomes sensitive to small 
frequency changes. an effect which is more important when 
the feeder is many wavelengths long. The presence of standing 
waves may also react on the power source to produce a change 
in the oscillating frequency. 
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Once the characteristic impedance or admittance has been 
determined by the physical dimensions of the transmission line 
and the mode employed, it is usual to standardise on that 
value of impedance or admittance for the rest of the elements 
involved in the system. It then becomes the reference im- 
pedance in terms of which other impedances are quoted. 
(See section 2.) 

For a coaxial line, Z, = 138 k~# logy, (72/r,) ohms where 
r, and r, are the radii of the inner and outer conductors respec- 
tively, and & is the dielectric constant of the medium. 

The wave impedance and characteristic impedance of wave- 
guides have been discussed in section 6 of the previous chapter. 
For waveguides in general, the wave impedance is given by 
K, = 7A,/A (TE modes) and K, = 74/4, (7M modes) where 
n is the intrinsic impedance of the medium, 4, is the wave- 
length in the guide and 4 the wavelength in air. Now for the 
TE,, mode, A,/A = [1 — (A/2a)*]-*, and __ therefore 
K,=377k-*[1 — (A/2a)?]~*, where i: is the dielectric constant 
of the medium and a is the broad dimension of the guide. The 
characteristic impedance is defined only for a rectangular 
waveguide carrying the 7'£,, mode as :— 


2b 


2. Matching 


Matching is here defined to mean the electrical transformation 
of some arbitrary impedance to a specified value. When the 
reflections caused by a load on a transmission line have been 
cancelled out by some means or other, the load is said to be 
matched to the line. Thus, matching in radar practice usually 
means designing a line network such that an arbitrary load 
will entirely absorb the power in a wave incident upon it from 
a transmission line. 

Consider the two cases illustrated in Fig. 94. In case 
(a) with Z, = Z, at any point A the impedance look- 
ing towards the load is equal to Z,, and so there is no reflected 
power. The load is then said to be matched to the line. 
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In case (b) where Z, 4 Z, a matching device whose nature 
is of no concern here must be inserted as shown. At A the 
impedance looking towards the load, assuming of course that 
the matching device has been correctly adjusted, is equal 
to Z,. Then, if the matching device is dissipationless, there 
is a maximum transfer of energy to the load. The matching 





(a) Zg= Z (b) Zo ® Z. 


Figure 94.—Various line terminations showing impedance and matching 
relationships. 


device thus transforms the load impedance Z to the line 
impedance Z,, and hence is often termed a transformer. 


In matching, it is first necessary to know with some pre- 
cision the impedance of the load. The most convenient 
method at very high frequencies is to make this measurement 
by determining the standing waves produced when this load 
is used to terminate a line of known impedance. The 
relations between impedance, voltage standing wave ratio S, 
and the physical displacement of the voltage’ node from the 
load have been discussed in the previous chapter. Although 
the equipment used will be discussed fairly fully in the section 
on measurements, it is advisable to give at this stage at least 
an idea of its nature. In the case of coaxial transmission 
lines, the necessary information may be obtained by a pick-up 
probe which projects a small distance into a narrow longi- 
tudinal slot in the line, and which may be moved along it. 
Fig. 95 shows the complete “‘ set-up ” with detecting erystal 
and meter. 

The arrangement of the slot does not affect the field dis- 
tribution inside the line. because for the TEM mode, which 
has only axial current flow, it intercepts no current, assuming 

] 
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that the slot width is small in comparison with the main 
dimensions. Plate X (a) shows a photograph of this type of 
equipment. 

Once the load impedance has been determined it is con- 
venient to work in terms of normalised impedance. This is 





Figure 95.—Impedance measuring equipment. Electrical circuit details. 


obtained by dividing the impedance by the characteristic 
impedance. It is equally suitable to work in terms of ad- 
mittances rather than impedances, the actual case usually 
dictating the choice. When the normalised impedance or 
admittance is known it is necessary to decide how the trans- 
formation to the required value is to be made. This is easily 
done by first plotting the load impedance on cither the Smith 
or Kennelly charts. 


Consider for example the point P in Fig. 96 representing an 
impedance 0-6 — j0-7 (normalised values) plotted on the Smith 
chart. To transform this value to that of 1 + j0, point O, 
there are several possible devices that may be used : 


(a) A reactance of magnitude + j0-7 may be added at the 
load. This transforms point P to S along the path shown, 
giving a resistive value 0-6. Then, by means of a quarter- 
wave section, this value is transformed to 1:0 +- 0. {lf Z 
is the normalised characteristic impedance of the 2/4 section, 
shen Z? = (0-6 x 1-0). Generally Z? = (Z,Z,). For further 
»xxplanation see standard reference books. | 
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(b) At certain distances from the load the impedance corres- 
ponds to either points @ or U, depending on the distance 
traversed. This distance corresponds to so many electrical 





Figure 96.—Smith Chart. Methods of matching a load to a line are 
shown graphically on this chart. 


degrees 0 in terms of the wavelength. At either point it is 
possible, by means of a 4/4 section of the correct value, to 
transform to the value 1 + j0. [See Fig. 97 (a).] It should 
be observed that when dealing with waveguides, the 4 referred 
to is the guide wavelength 4, of the previous discussions. 


(c) At a distance 0 degrees from the load, and corresponding 
to point 7’, the impedance is 1 + jl. By adding a reactance 
in series at this point, and of magnitude —j1 the impedance 
is transformed along the constant resistance contour to the 
point 1 + j0. This particular solution is actually a very 
neat one, because it requires only one matching element. 
The disadvantage is that it is often inconvenient to place the 
reactance at the required point because of mechanical 
considerations. 

(d) It is sometimes possible by means of a section of line 
or guide of the correct impedance and correct length, to trans- 
form directly from a point P’ to 1+ j0. This is in effect a 
combination of the two transforming devices of method (2). 
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The determination of the actual dimensions is a little more 
difficult in this case however, as the transformation follows 
the curve P’V in Fig. 96. [See Fig. 97 (b).] 

So far, the discussion has been limited to the matching of 
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Figure 97.—Matching methods. Physical arrangement of matching 
devices. 


particular elements and the methods that may be employed. 
It is also desirable to have a unit which may be used to match 
any arbitrary element that may be chosen. This immediately 
presupposes variable elements, thus eliminating the possibility 
of the normal 4/4 sections. Such units have provision for 
adding shunt reactances at various points of the line. 

A convenient unit has two reactance elements spaced 
4/8 apart and placed so that they are effectively in parallel 
with the transmission line. Fig. 98 shows suitable elements 
for coaxial lines. The actual function of this transformer is 
best illustrated by reference to the Smith chart (see Fig. 99), 
which may be used for admittances by reading off values 
as G and B, instead of R and X, as in the case of 
impedances. The admittance is the reciprocal of the complex 
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quantity R + jX,and this transformation may be carried 
out on the Smith chart by rotating the impedance point 180 
geometrical degrees about the centre and reading the real and 
imaginary components obtained as conductance and sus- 
ceptance respectively. 








Figure 98.—Two stub matching transformer. Physical arrangement 
showing stubs and their movable shorting plungers A. 





Figure 99.—Tuning range of two stub matching transformer. The 
transformer may be used to match any impedances except those which 
lic within the shaded circle. 


Assume that point P corresponds to the load admittance 
which is to be matched to the line admittance (point 0). 
The further assumption is made that the reactance elements 
may be adjusted to give any reactance between + 0 and — o. 
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At point B the admittance looking towards the load is 
that corresponding to P on the Smith chart. At Ba sus- 
ceptance is added which transforms the admittance along a 
constant G circle to point P’ on the chart. The admittance 
at D is obtained by rotating P’ about O through z/4 electrical 
degrees to the point Q. This is done by rotating point P’ 
about O for a quarter of a revolution. At this latter point a 
susceptance is added to transform Q along the G = 1 circle 
to point O. 


Consider now the circle G = 1 on the diagram. An admit- 
tance corresponding to any point on this circle may be matched 
by a single reactance element. At a distance 4/8 wave- 
lengths away (toward the generator) any point on this circle 
is given by a corresponding point on circle OP’R. That is, 
the circle G = 1 is transformed through 90 geometrical degrees 
(45 electrical degrees) as shown, with its centre at C. If now 
the load admittance is adjusted by means of the reactance 
element nearest the load to any point on the circle OP’R, 
then the admittance presented at D will be on the G@ = 1 
circle as shown by the previous example and may be matched 
by a single reactance element. The location of any point 
corresponding to @ may be determined by drawing P’CR 
and then joining OR. The intersection of OR with G = 1 
gives the point Q. Angle P’OQ or TO" is then a right 
angle. Alternatively Q may be obtained by the intersection 
of the circle with OP’ as radius and centre O, with the circle 
GS 


It will be seen that it is impossible to match any admittance 
which lies within the circle G = 2, although in some cases it is 
possible to obtain a fairly near match. 


The principal use of this example is to show how the Smith 
chart may give a pictorial presentation of possible trans- 
formations with a two stub transformer. In addition, it. is 
also a good example of the use of such a chart for quantitative 
thinking. The Kennelly chart may be used in exactly the 
same way for such problems. Other uses will naturally 
suggest themselves as familiarity with the charts is gained, 
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such as the determination of the input impedance of a line 
for any loading, etc. 

Another matching arrangement has three such elements 
spaced 4/4 from each other and allows, in theory, the matching 
of any given impedance to any required value. The adjust- 
ment of these elements offers an infinitude of solutions, so 
that some procedure must be adopted for tuning. It is 
feasible to gang the two outer elements and thus have two 
adjustments. In practice it is often difficult to match even 
small differences of impedances. 


In place of several elements fixed in position, a single variable 
element whose position may be varied, can be used to match any 
impedance. This is readily appreciated by reference to the, 
Smith chart. 

Another type of variable transformer has two 4/4 dielectric 
sections separated by a distance d. The distance d and the 
position of both slugs in the line may be altered, and it is 
possible to match any impedance which produces a voltage 
standing wave ratio of better than 1/k? where & is the dielectric 
constant. This can be proved mathematically by considering 


Movabie dielectric sections 





Figure 100.—Dielectric matching transformer, showing the movable 
dielectric blocks inserted in a waveguide. 


the change in impedance of the line due to the dielectric 
sections. The arrangement is shown diagrammatically in 
Fig. 100. 

Further information as to the matching limits of the above 
men! ioned methods may be obtained in ‘* Microwave Tech- 
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niques.’ The practical construction of these elements and 
other considerations will be discussed in the section on design 
aspects. Although this does not exhaust the possible methods 
of matching, it gives in essence the principal arrangements. 


3. Broadbanding 


In section 1 reference was made to the necessity for having 
good response over a specified band. It is now necessary to 
discuss this in more detail. The allowable performance is 
usually specified by a limit of voltage standing wave ratio that 
is permissible (usually greater than 0-5) in the feeder system. 


To discuss broadbanding devices it is convenient to define 
a term “frequency tolerance” as (B/f,) x 100 per cent, 
where B is the bandwidth within which the voltage standing 
wave ratio is greater than the specified value, and f, is the 
mid-frequency. It should be understood that this definition 
is entirely arbitrary, and is only selected because of its con- 
venience. Speaking generally the tolerance decreases with 
the number of reactive elements and transforming sections. 
Hence, in any system with many elbows, stub supports, 
junctions etc., it is much more difficult to satisfy the band- 
width requirements. It may also be stated as a rough maxim 
that frequency tolerance is a function of the magnitude of the 
matching transformation Z,/Z,. If the change is small, 
or several small changes are used to give the required overall 
change, the bandwidth is greater. 


For example, consider the use of a 4/4 transforming section 
to change an impedance of say 10 + j0 ohms to 50 4+ j0 ohms. 


Then 
Z =(10 x 50)! 


= 22-4 ohms. 


This transformation is plotted on a Kennelly diagram in 
Fig. 101, where Z is the transformer impedance. At. fre- 


‘Microwave Techniques,’ Navships 900,028, U.S. Navy Department 
Bureau of Ships, June, 1944. 
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quencies above and below the design frequency the transformer 
is not 2/4, and so introduces a reactance which in turn means 
a reflection of power. This is shown in Fig. 101 by points 
Zy and Zs. 


+X 





-x 
Figure 101,—Impedance variation with frequency for a high ratio quarter- 
wave transformer. 
Consider now the transformation from say 40 + j0 to 50 + j0 
Z = (40 x 50)! 
= 44-6 ohms. 
This transformation is plotted to the same scale in Fig. 102. 


+x 
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Figuro 102.—Impedance variation with frequency for a low ratio quarter- 
wave transformer. 
, 
For the same percentage change of frequency as in Fig. 101. 
the ccivesponding points Z, and Z, are closer to the required 
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value of 50 ohms, giving much smaller reflections. The same 
results may be deduced analytically without much difficulty. 

If it is desired to transform from 10 to 50 ohms (resistive) 
it will be seen that it is preferable for this to be done in small 
steps. The change may be made in as many steps as desirable, 
and the selection of the ratios of each change may be made in 
a number of ways. A logarithmic ratio may be used, or 
alternatively the ratios may be made to conform to the bino- 
mial coefficients, 1, 2, 1. (See Slater? pp. 55 et seq. for a 
discussion of these ratios). 

In the case of reactance (or susceptance) cancellation by the 
use of correctly located matching elements, there is some scope 
for increasing the frequency tolerance. 

Fig. 103 shows a plot of input susceptance of a short circuited 
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Figure 103.—Suscoptance of short-circuited lino as a function of its 
length. 


length of transmission line as a function of the length L. 
When using this device as a shunt matching element it is 
preferable to make use of the region between the points S and 
8’, both from the point of view of linearity, as well as smaller 
percentage changes in B when the length is altered slightly. 
The latter corresponds to small frequency changes with a 
constant length. By using varying values for the characteristic 
admittance of the element it is possible to control the slope 


2J. C. Slater, Microwave Transmission, McGraw-Hill, New York, 1942. 
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of the region S — S’ or the dependence of the shunt susceptance 
on frequency. In general, the least slope compatible with the 
matching requirements should be used. If a shunt element 
is required at a particular point it may equally well be placed 
one half-wavelength away. By making the proper choice 
the net frequency tolerance may be increased. 

After the frequency tolerance has been increased by the 
above methods, there is yet another device which may be used 
to increase the tolerance of the whole system. Consider a 
half wave section of line; from transmission theory the 
impedance is identical at either end, and is not dependent on 
the actual characteristic impedance of the section. (Unduly 
large changes of section will however have some effect, due 
to the distortion of the fields by fringing effects.) If now a 
2/2 length of line of different characteristic impedance is 
introduced into the main line, it will have no effect at the 
correct frequency. At either higher or lower wavelengths 
its length will not be 4/2, and so some reactance will be intro- 
duced, which may be used to cancel out the existing reactance. 


+X 





Figure 104.—Diagram showing the impedance transformation ABC to 
ABC’ by means of a half-wavelength section, and the resulting increase 
in frequency tolerance. 


Fig. 104, shows points 4, Band C representing the impedance 
of a load at low, centre and high frequency points of the 
required band. If a 4,2 section of line of characteristic 
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impedance Z’ is inserted, the points are transformed as shown, 
to A’, B,C’, which are closer to the required impedance at B. 
By adjusting the magnitude of Z’, considerable control of the 
points A’ and C’ may be obtained. If however, the points 
A and C had been reversed, it would have been necessary 
to use a value of Z’ smaller than B. 

When using the 4/2 section it should be located so that the 
locus of the impedance is vertical at the load side of the section. 

+X 
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Figure 105.—Diagram showing the optimum frequency-impedance curve 
A-A to obtain the best results from a half-wave broadbanding section. 


This corresponds to locus AA of the diagram (Fig. 105) and 
gives the optimum matching conditions. When the locus 
corresponds to BB, only very slight improvements may be 
obtained by using a 4/2 section. As only reactances are 
being introduced by the section, the resistive components 
are left unchanged. 


4, Losses and Power Capacities of Transmission Line 


Before considering practical design aspects it is advantageous 
to discuss briefly the properties of various materials in common 
use at miczowavelengths. So far, all the systems have been 
treated as perfect, lossless systems ; but it is now necessary 
to see where losses do occur, and to gain some idea of thoir 
magnitude. It will be found that actually these are so small 
as to have no appreciable effect on the previous calculations. 
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In practice, most equipment is designed assuming perfect 
conductors, and then with the magnitudes of the current 
flow thus obtained and a knowledge of the resistive properties 
of the materials involved, the actual losses are determined. 

At microwave frequencies, current flow in a conductor is 
determined principally by “ skin effect,” a discussion of which 
has already been given in the previous chapter. If 6, the 
depth of penetration, is defined as the depth below the surface 
of a conductor at which the current density drops to 1/e of 


its surface value, 
AN? 
= 0-020( ) 
bf 


where g is the conductivity of the conductor in mhos per 
centimetre, jy, is the relative permeability (s:/,), and A is 
the wavelength in free space in centimetres. 

Fig. 106 gives values of 6 for different materials for wave- 
lengths up to 30 centimetres. As 5 becomes smaller, the 
current flow becomes greater at the surface of the conductor, 


anion’ 
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Figure L06.—The depth of penetration (5) of currents in various con- 
ductors at very short wavelengths. 
and it is because of the excessively high surface current densities 
that there are considerable losses. . 
The actual surface of the material is of some importance, 
depending particularly on the application. Very little quan- 
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titative information of much significance is available however, 
and it is often necessary to make tests on individual materials. 


More will be said in section 6 regarding the surfaces of high Q 
resonators. 


The dielectric in most feeder systems is air at atmospheric 
pressure. It is usual to accept its dielectric constant as unity 
and to assume that its losses are entirely negligible. In actual 
fact, dry air has a dielectric constant of 1-006, and its losses 
are zero until a wavelength of 0-5 centimetres is reached, when 
there is a pronounced resonance absorption due to the magnetic 
moment of the oxygen.* Atmospheric air differs considerably 
from the ideal, particularly in its losses, which vary with both 
temperature and moisture content as described in Chapter I, 
section 6. There is also a resonance absorption band in the 
neighbourhood of 1-3 centimetres due to the electric moment 
of the water vapour molecule. 


The properties of most dielectric materials in common 
use are available in various recent publications.* 

Any loss in a dielectric can be characterised by the complex 
dielectric constant 


kt =k — jk’ 
where k’’ = g/we,. The loss tangent of the dielectric is 
defined by 
jan BE 
tan ¢ = I : 


and is equal to g/we. 


The attenuation in a coaxial cable, resulting from dielectric 
losses is given by 
<4 
aq — 27:3 —tan € decibels per metre. 
A 


The attenuation due to conductor losses in a coaxial line 


°J.H. Van Vleck, ** The atmospheric absorption of microwaves,” Massa- 
chusetts Institute of Technology Radiation Laboratory, Report 43-2, April, 
1942. ; / 

“** Progress Report on U.H.F. dielectrics, Massachusetts Institute of 
Technology, Report 1197, National Defense Research Comunittee, December, 
1942, 
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with the same material for both conductors is given by 
1 1 
a, = 819 J (++) decibels per metre 
Z AX, 12 


where 7, is the internal radius of the outer conductor, and 7, 
is the radius of the inner conductor. 

The losses in the conductor of a waveguide are dependent on 
the mode that is set up. For the 7'Z) mode (the reason for 
this choice will be seen later) the attenuation due to conductor 


loss is® 
a AN? 
ab +2(=)] 
aa 
fia 
2a 


where a is the broad dimension of the guide, and 6 is the narrow 
dimension of the guide. When there is attenuation due to 
both conductor and dielectric losses, the total attenuation is 
the sum of the two: 


H(='2F decibels per metre 


a =a, + &q. 
A good visual comparison of the attenuation in coaxial lines 


(db per metre) 


Attenuation 





Wovelength = 
Figure 107. Comparison of attenuation in a coaxial line and waveguide 
of identical outside dimensions. 


and waveguides is given in Fig. 107 which shows the attenuation 
for a 3 inch coaxial line of optimum impedance and a 3 inch 
circular guide with a TJ, mode. 

5 See Chapter VI, equation (44). 
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Table 6 shows attenuation constants of some transmission 
lines. 


TABLE 6—ATTENUATION IN TRANSMISSION LINES 


——— ess 











Transmission line Wavelength Allenuation constant 
dimensions (inches) (centimetres) (decibels per metre) 
Waveguide : 
6} x 24 25 0-0060 
3 x Is 10 0-0130 
A ess a 3 0-067 
Air-filled coaxial : 
1g 25 0-020 
1g 10 0-0315 
q 10 0-059 
Conductor | Dielectric 
Polythene cable attenuation jattenuation 
g 25 0-165 0-097 
2 10 0-260 0-24 
3 3 1 0-480 0-8 


The waveguides are specified by the internal dimensions, 
and coaxial lines by the internal diameter of the outer con- 
ductor. In all cases the coaxial lines have been assumed to 
haveacharacteristic impedance of 50ohms. With the polythene 
cable, a dielectric constant of 2-2 and a loss factor of 0-0006 
have been used. The attenuation in all cases has been cal- 
culated for copper conductors. 

Before discussing the practical design aspects of feeder 
systems, it will be profitable to discuss very briefly the safety 
factor of such systems. Electrical breakdown occurs for two 
reasons, arc-over because of high electric stresses in the feeder, 
and localised heating and oxidation at points of high RF 
resistance. 


The former is minimised by careful choice of dimensions, 
and by ensuring that no sharp edges occur in either the coaxial 
line or the guide where there is increased diclectric stress. 

Breakdown of dry air at atmospheric pressure occurs with 
an electric stress of about 30,000 volts per centimetre, but 
this value decreases considerably with moisture content and 
lower pressures. It is therefore necessary that this value be 
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decreased by a factor of safety to give a suitable working 
potential difference. This will make allowance for resonant 
voltage step-ups which occur in matching devices, chokes, etc., 
as well as preclude the possibility of breakdown due to varying 
atmospheric conditions. The breakdown stress is proportional 
to the square root of the pressure, a fact of considerable im- 
portance in equipment designed for use at high altitude. 

The power that can be transmitted in a feeder is given by 


P = 6-63 B*. ab. - 10~4 watts 
A, 
for a waveguide® (7'£,, mode) and 
E*r Zo 
~7200- 


P= watts 
for a coaxial line where E is the peak electric field strength. 
At A = 10 centimetres and taking 1:5 x 10 volts per centi- 
metre as the maximum permissible electric stress, a waveguide 
3 inches x 1} inches will carry 2-4 megawatts of power, 
whereas a 50 ohm coaxial line, 13 inches outer conductor, 
will only carry 1-0 megawatts. 
In practice, it is usual to determine the factor of safety on 
a power basis and a value of 0-2 to 0-25 of the maximum value 
is commonly used. 


5. Design Aspects 


The first point to be considered in designing feeders and 
associated equipment is the type of feeder to be used. Twin 
wire lines are automatically excluded because of their high 
radiation at microwave frequencies. Coaxial lines may be used 
at frequencies as high as 3,000 megacycles per second but 
attenuation is fairly severe at the higher limit. In addition, 
the physical dimensions must be kept sufficiently small to 
prevent a higher transmission mode existing in the line. It 
should be emphasised that in all transmission systems there 
should) be only one mode of energy propagation. If 
two or more exist. the field patterns become complicated and 
considerable difficulty would exist in designing equipment to 


® See Chapter VI, equation (2). 


§5] TRANSMISSION LINE TECHNIQUE 181 


perform desired functions. Therefore in the following re- 
marks, a single propagation mode is assumed. 


Waveguides are most conveniently used for frequencies 
above about 1,000 megacycles per second ; at lower frequencies 
they become bulky. Thus there is considerable overlap in 
the useful frequency range of the two types of feeder (see 
Fig. 65, Chapter VI) and a selection is usually made by taking 
into consideration the power to be handled, attenuation and 
ease of fabrication. 

Up to date, in discussing the theoretical aspects of feeders 
no distinction has been made between coaxial lines and wave- 
guides. However, in treating the actual design of such ele- 
ments, it is necessary to consider them separately because of 
their physical difference. 


(a) Coaxial Lines 


For most low power work and on frequencies below about 
3,000 megacycles per second flexible coaxial conductors are 
preferred for inter-connecting apparatus. At 10,000 mega- 
cycles per second losses become too high to allow them to be 
much used. They are usually made with a solid or stranded 
copper inner conductor, a waxy type solid flexible di- 
electric and a copper braid outer conductor, The di- 
electric is as a rule one of the hydrocarbon polymers 
(polystyrene, polyethylene etc.) which have a complex di- 
electric constant of the order of k’ = 2-4 — j0-0014, 
Where the dielectric losses of a solid dielectric are too high, 
spaced dielectric supporting beads may be used. These 
‘ unfortunately introduce a reflection of power at every bead, 
due to the change in the characteristic impedance at that point. 
This difficulty may be overcome by the correct spacing of the 
beads so that the reflections cancel each other. There are 
numerous combinations that will allow this—firstly a bead 
distance of slightly less than 2/4 will give good results for 
short lines, whereas the spacing for long lines must he in- 
creased slightly above 2/4 for optimum results. Another 
method starts with two beads correctly spaced for minimum 
reflection, and places similar units with their equivalent 
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electrical centres at distances of ($n — })A (where 7 is any 
positive integer). A further method is to make the beads 4/2 
long, which unfortunately makes them fairly frequency selec- 
tive. An additional, and in many ways a preferable method, 

Undercutting 
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Dielectric supporting bead 
Figure 108.—Undercut bead support for coaxial line to reduce reflection 
of power. 
is to undercut the inner and/or outer conductors in order 
to make the equivalent impedance at the bead identical with 
the rest of the line. Negligible reflections are set up by this 
device which is shown in Fig. 108. 








SHANA 





N 
N 
N 
N 
Ny 
N 
N 
N 
N 
N 
N 
N 
N 





Figure 109.—Broadband stub support, showing the combination of & 
half-wave broadbanding section with the quarter-wave supporting stub 
(dimension A). 

For high power work, any such beads in the line cause 
distortion of the field in their immediate vicinity. This may 
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be sufficient to raise the electric stress above the breakdown 
point. Hence an alternative scheme is necessary to support 
the inner conductor. A quarter-wave shorted section pro- 
vides a very convenient means of doing this, and the arrange- 
ment is shown diagrammatically in Fig. 109. The dimension 
A which is approximately one quarter wavelength is deter- 
mined experimentally so that no reflection is produced at the 
mid-frequency. As the short circuited section is fairly fre- 
quency selective, it is combined with the half-wave section 
as shown to provide broadband response. Reference to an 
impedance chart shows that variation of the electrical length 
of the 4/2 section with frequency tends to cancel the charging 
stub reactance. The final result is shown in Fig. 110 which 
also shows the response of a plain quarter wave section sup- 
porting stub. In addition to good electrical performance this 
broadband stub gives excellent mechanical support for the 
inner conductor. 


Simple stub 
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Figure 110.—Reflections from stub supports. 


The selection of the characteristic impedance of the coaxial 
line depends on many considerations, loss, factor of safety, ete, 
In Fig. 111 the essential characteristics of the coaxial line 
are graphed against characteristic impedance Z,,. 

The final choice of Z, will usually be a compromise between 
the various factors, and values of 50 and 75 ohms have been 
extensively used. After the ratio of the diameters (or Z,,) 
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has been fixed, it is necessary to limit the actual dimensions, 
so that the mean circumference x(r, +72) is less than 4. 
If this is not done the 7'E,, mode is capable of being propagated. 
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Figure 111.—Characteristics of coaxial lines as a function of Z, for a 
fixed value of r,. Curves are referred to an optimum value of unity. 


Leaving aside connection by cables it is apparent that for 
high power work, rigid elements must be considered, which for 
convenience do not normally exceed about three feet in length. 





Figure 112.—Coaxial line joint for a 1§ in. O.D. line. 


The problem is then how to make joints, bends, allow 
rotating motion, etc. 
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The method of joining straight sections of line is best seen 
by reference to Fig. 112 which shows the mechanical details. 
The result is a satisfactory rigid joint which may be water- 
proofed by a ‘“ Neoprene ” or rubber gasket at A. The original 
design of this type of joint is due to the Radiation Laboratory 
of Massachusetts Institute of Technology. 

Normal manufacturing tolerances allow 1/64 inch, thus 
giving the possibility of a gap 1/32 inch at the joint of the 
inner conductor. It will be apparent that the inner conductor 
must always have a negative tolerance in order to avoid com- 
pression and buckling which would set up reflections. 


For bends, a right angle stub support device is used (see 
Fig. 113). 


(ts 


Figure 113.—Right-angle bend for coaxial jine with a quarter-wave sup- 
porting stub. 


For changing from one size of coaxial line to another, taper 
sections are used in which the change of dimension occurs over 
an integral number of half-wavelengths. The reflection from 
one of these sections is fairly small and decreases with increase 
in taper length. x oe 

An important device in most radar systems is a rotating 
joint ” in the feeder line. to allow rotation of the aerial and 
feed system. There are a number of methods by which this 
may be done, but they are in general derivatives of the type 
shown in Fig. 114. bans ; 

In the construction shown there are two open cireuited A/4 
lengths of line which produce an effective short circuit at 
R—7, 
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point A. To the RF energy there is then no discontinuity 
and the device behaves like a continuous line. (The concept 
of a plain capacity by-pass is not directly applicable to this 
device because the distance involved is comparable with the 
wavelength). As the frequency varies, the open circuited 
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Figure 114.—Rotating joint for an air dielectric coaxial line. 


lengths are no longer quarter wavelengths and so there is a small 
reactance at A, Actually there is always some radiation from 
point C’, but it is so small as to be unimportant. It would of 
course be possible to make spring contacts in place of the 
quarter wave sections shown, to allow relative motion of the two 
sections, but experience has shown that this is a most unsatis- 
factory method. Excessive wear, dirt and grease cause high 
losses and necessitate increased maintenance. Although this 
design is quite a suitable one, in practice more elaborate ones 





Figure 115.— Variable reactance element showing a movable shorting 
plunger in the side coaxial line. 
are used to obtain better performance, lower radiation, better 
power handling ete. 
Reactance elements referred to in the section on matching 
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generally take the form of a movable shorting plunger in a 
stub line. Fig. 115 shows the arrangement. A little thought 
will show that the reactance produced is effectively in shunt 
with the main line—hence it is usually more convenient to 
discuss the susceptance introduced. 


(b) Waveguides 


The design of elements using waveguides is simplified by 
virtue of the absence of an inner conductor which would require 
careful supporting ; however, more complex transmission 
modes are used making calculation somewhat more difficult. 
As described in the previous chapter there is an infinite number 
of possible transmission modes, each with its own field pattern. 
In practice only a few of the modes of lowest order are of 
importance for reasons of smaller physical size, lower attenua- 
tion and greater separation of the modes. Whilst any cross- 
section of guide may be employed, two only are of common 
use, the circular and rectangular types. 

The circular waveguide is used in limited applications only, 






Lines of current flowon the 
inner surface of the guide 


Figure 116.—Field and current distributions in a rectangular wave- 
guide for the 7’, mode. 


because of the difficulty in maintaining the polarisation of the 
TE,, mode in the correct plane. In rectangular guides this 
difficulty is absent, hence their more general application. 
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The determination of the fields in a waveguide is treated in 
Chapter VI. 

The selection of the dimensions of a waveguide for a par- 
ticular wavelength is governed mainly by the cut-off or critical 
frequency, the power capacity, and the attenuation desired. 
With rectangular guides, the most commonly used mode, 
which gives the smallest physical dimension is the TE, 9. This 
has a field distribution as shown in Fig. 116. The current 


Attenuation 





Frequency 


Figure 117.—Variation of attenuation with frequency for waveguides 
having different dimensions b. (Z'£y) mode.) 


flow is shown on the surface of the guide and the field dis- 
tribution across the cross section. 

Fig. 117 shows the variation of attenuation in a waveguide 
with frequency and the ratio a/b for a TE, mode. Although 
point A corresponds to minimum attenuation the dimension 
a is usually chosen to give an operating frequency B approxi- 
mately 1-5 times f,. Greater values of B allow the possibility 
of higher order modes being propagated and must be avoided 
even though the attenuation is slightly increased. 

In the case of the 7’£,, mode where the critical frequency 
is independent of the dimension 6, this dimension must be 
chosen from a consideration of the permissible attenuation 
and the power to be handled by the waveguide. The question 
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of power transfer has already been dealt with in section 4. 
There is however a limit in this regard, namely that it must be 
sufficiently small to prevent the propagation of any other 
undesired modes. 

In ciréular waveguides the dominant mode is the TE,,. 
The field pattern for this mode, which is polarised, may be 
distorted when bends or corners are introduced in the guide. 
This in turn means that the plane of polarisation may be 
rotated, and in some cases elliptical polarisation may be 
produced causing difficulty in receiving energy from the guide. 
For rotating joints, the 7M ,, mode is preferred because of its 
circular symmetry, but filter devices are then necessary to 
prevent the lowe TE,, mode from propagating. These 
filters will be described later in this section. 

The jointing of waveguides may be effected in two distinct 
ways—plain butt joints bolted together, or choke type joints. 
The former suffers from the disadvantage of requiring careful 
machining in order to produce small losses. The choke type 
of coupling is shown in Fig. 118. 





Figure 118.—Choke type of waveguide joint. 


In effect, there is a short-circuited half wavelength of 
radial line which gives a short circuit condition at c. The 
joint then becomes equivalent to a continuous length of line. 
This type of joint may be made equally well in either round or 
rectangular guides. A-B is a short-circuited quarter wave- 
length of line giving a current node at A.—hence the metallic 
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connection need not be first class, thus allowing coarser toler- 
ances in the machining. The loss in this type of joint at 
10 centimetres is of the order of 0-01 to 0-03 decibels whereas 
the average butt type gives a loss of about 0-05 decibels or 
higher. . 
Changes of direction of waveguide runs, and right angle 
bends are easily accomplished. A circular guide may be bent 
with a radius of curvature large compared with 2, but un- 
fortunately this introduces elliptical polarisation of the wave 
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Figure 119.-— Types of bends for rectangular waveguides. 


which in general is somewhat troublesome. Although it. is 
theoretically possible to correct this, it presents considerable 
difficulty in practice. 

With rectangular guides, a bend may be made in two ways— 
either on the broad or narrow side. Fig. 119 shows the two 
types of bend and, as before, the radius of curvature must be 
large compared with 4 if a negligible reflection is to be intro- 
duced. The H-bend is so named through being bent in the 
plane of the magnetic field. Another possible type of bend 
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is shown in Fig. 120. By inserting a plane at the corner as 
shown, conditions for the continuity of fields around the corner 
may be established. There is as yet very little satisfactory 
theoretical treatment of this problem, most results having 
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Figure 120.—Corners in waveguides, showing the reflecting plates 
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Figure 121.—Reflections from waveguide corners, as a function of the 
ratio d/dy. (See Fig. 120). 

been obtained experimentally. Fig. 121 shows curves of 
reflection coefficient versus the ratio dd, for right angle 
bends, due to English investigators. (Negative values have 
been plotted in this graph to avoid cusps). It is evident 
that the E-bends are much less critical of adjustment and 
thus more satisfactory in practice. 
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Twists may be made in waveguides provided that the guide 
is not deformed unduly in cross section. For small reflection, 
the length of the twist should be of the order of one wave- 
length, or more. Flexible guide may also be used in certain 
applications ; however the attenuation is somewhat greater 
than for solid guide, and some reflection of power is present. 
Flexible guide may be made in a number of ways—in bellows 
form with each fold a half wavelength long or wound from 
strip as in the construction for flexible metallic piping. 

A taper may be used in a waveguide to transform from one 
mode to another ; for example, from a 7E,, mode ina round 
guide to a TE,, in a rectangular guide. This will be seen to 
be a transformation from the lowest mode in one guide to the 
lowest in another. Transformation between higher modes 
usually introduces unwanted modes which then necessitate 
filter devices. The reflections set up at such a taper are a 
function of the length of the taper. 


VOLTAGE STANDING WAVE RATIO 





Figure 122. —Retlections from a tapered dielectric section of length d 
inserted in a waveguide ; taper in E-plane. : 
A change in diclectric in a guide may be conveniently made 
by taper sections, starting from zero thickness and increasing 
to full guide section in a distanee d. Fig. 122 shows the 
theoretical reflection set up from such a taper. The transition 
could of course have been made by means of quarter-wave 
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transforming sections, but the taper method obviates the need 
for an intermediate dielectric and is less frequency selective. 


If an abrupt change of section occurs in a guide, or an 
obstacle is inserted into the guide, field distortions occur which 
are equivalent to the addition of a susceptance at that part 
of the guide. Because of this distortion, which requires 
several wave functions to satisfy the boundary conditions, 
higher order modes are excited in the guide, but these usually 
suffer high reactive attenuation and die away rapidly in either 
direction from the discontinuity. These higher order waves 
store energy in a similar manner to an inductance or capacitor, 
and therefore give the same effect as a shunt susceptance at 
the point of discontinuity. For this reason, admittance or 
impedance measurements should be made at a distance of 
the order of the greater transverse dimension from such a point. 
The wave admittance may be written 1 + j0 and the element 
or section under consideration may be regarded as adding 
a normalised susceptance B. The admittance at any point 
may then be written Y = 1 +7 B, and used in calculations 
in the normal transmission theory form. 


ae] 





(A) Inductive (0) Capacitive 


Figuro 123.—Waveguide irises. Reactive elements which may be in 
serted in waveguides. 


As mentioned in the previous chapter irises in waveguides 
may produce either positive or negative susceptances depending 
on the way in which they are formed. The two main forms. 
inductive and capacitative, are as shown in [ig. 123. 
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Asymmetrical types may be used but an allowance must then 
be made for the asymmetry. 

Screws or metal cylinders inserted into the broad side of 
waveguides add a capacitative susceptance, which changes 
abruptly to an inductive value as the insertion is increased. 
The changeover occurs when the insertion is approximately 
one quarter of the free space wavelength. In most cases, 
only the capacitative values are used as the adjustment in the 
neighbourhood of the changeover point is too critical. Un- 
fortunately both the screw and the capacitative iris are of 
little value at high power because of the increased liability 
of arc-over. 

Under certain conditions irises of appropriate dimensions 
and obstacles such as rings display resonance phenomena in 


Z 7 
4 
a sl l 


(a) Transmitting Elements (b) Reflecting Elements 
(porollel resonance) (series resonance) 


Woo 
‘ 
N 
Nss 


O 


Figure 124.—Resonant waveguide irises, similar to parallel and series 
resonant circuits. 


that they either transmit all the incident power or completely 
reflect it. As it is not possible to discuss in any detail the 
determination of the resonant frequency of such elements, 
it is sufficient to indicate their general configuration. 

‘ig, 124 shows the main types of elements, which are usually 
con ructed from thin sheet metal. The application of such 
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devices to filters of all types will be immediately apparent. 

T-junctions in waveguides form an important class of 
elements, both as dividing networks and as matching elements, 
and they may be treated in much the same way as conventional 
six terminal networks as far as impedance properties are con- 
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(a) H Junction (b) E Junction 





Figure 125.—Equivalent circuits of 7'-junctions in waveguides. 


cerned. With rectangular guides, junctions may be made in 
two ways, either in the broad or narrow sides. The impedance 
relations in either case are obtained by setting up the wave 
equations at the junction and solving for the correct boundary 
conditions. This involves higher order modes which, as in 
the case of irises are rapidly attenuated at a distance from the 
junction. With a 7E,, wave, a junction in the broad side 
of the guide produces a predominantly series loading to the 
main guide and is called an #-junction. A junction in the 
broad side produces predominantly shunt loading and_ is 
termed an H-junction. This is not necessarily true for other 
main modes of propagation. 

The T-junction can best be represented as shown in Fig. 125, 
where 1 and 2 are the main arms, and 3 is the side arm. In 
either the H or EF types, there is a common susceptance or 
reactance at the junction and the side arm is connected through 
a step down transformer. The effect, besides giving a step 
down of impedances from the side arm to the main arm, pro- 
duces a phase shift at the junction which must be considered 
in the design. To overcome the step down transformer 
action, an iris of suitable dimensions or some matching section 
must be inserted in the side arm guide. If this is not done, 
@ correct termination in the side arm will not appear as a 
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correct termination in the main guide when a shorting plunger 
is placed in the main guide on the opposite side of the junction, 
and at a correct distance from it. 

The impedance or admittance relationships may easily be 
determined experimentally by placing known impedances at 
two points, and measuring the third impedance. This simple 
method will give quite reasonable results. 







E connection (series 


Main guide 






2 
H connection (parallel) 


Figure 126.—** Magic tee’ junction in a rectangular waveguide, showing 
the side & and H connections. 


By placing a shorting plunger in the side waveguide of a 
junction, varying values of reactance or susceptance may be 
introduced into the main line. Thus, very convenient match- 
ing elements may be made. 

By adding a second side waveguide at the junction an eight 
terminal network is produced which has also certain imped- 
ance symmetries. One special case of interest is that of the 
“magic tee,” in which there is one side connection to the 
broad side and one to the narrow side of the main guide. 
Fig. 126 shows the general arrangement. 

Consider now a 7'E ,, wave incident at the junction in guide 2. 
The magnetic field will couple into both arms of the main 
guide and excite waves in them which are in phase. No 
waye will be excited in guide 1 because neither the magnetic 
nor the electric fields present will couple to it to produce a 
TE,, wave. Ifnowa TE,, wave in guide | is incident at the 


§5) TRANSMISSION LINE TECHNIQUE 197 


junction, the electric field couples to the main guide and excites 
waves in either arm which are 180 electrical degrees out of 
phase. Again there is no coupling between 1 and 2. 


These properties allow the device to be used in the way 
that a hybrid coil is used at low frequencies. Further uses 
are as impedance bridges and in special mixer circuits where 


high attenuation is required between input and local oscillator 
circuits. 


The non-directional line coupler is also an example of an 
eight terminal network. It consists of one transmission 
line (coaxial or waveguide) coupled to another line by 
means of a small hole as shown in Fig. 127. The coupling 
between the lines is determined by the size of the hole. If a 










(PTT IIIT 


Line 2 


IOC OLA 
SSS 0 5 SS SS ZS a SSS SSS 


Coupling hole 





COOSSS SSS SS SSS SSS SSS SSS SSS SSS SOS SS 


Figure 127.—Non-directional coupler for coupling two waveguides 
(or coaxial lines). 


short circuit is placed in line 2, one quarter wavelength from 
the hole (position X), power will be transferred from line | 
to line 2 and will flow in line 2 regardless of the direction of 
flow in line 1. By making the hole small enough a high degree 
of attenuation may be introduced between the two lines. 


This device is considerably affected by standing waves in 
the line ; in other words, the coupled power is dependent on the 
location of the hole with respect to voltage maxima. By 
making use of two such holes a quarter wavelength apart, 
independence of location may be achieved giving the twin-hole 
“ waveselector”? or * directional coupler.” the waveguide 
version of which is shown in Fig. 128. 
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Power flowing in line 1 in direction A couples some power 
into line 2. This power can flow only in direction C, as for 
direction D there is a path difference of 180 electrical degrees 
for power coupled through the two holes, resulting in can- 
cellation. Power flowing in direction B in line 1 will give a 
power flow in direction D in line 2. This power is completely 
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Figure 128.—Directional coupler for coupling two waveguides. 


absorbed by a matched termination and hence no power 
flows in direction C, either because of reflection or direct 
coupling. Thus it may be seen that the device may be used 
to determine the ratio of direct and reflected power in a trans- 
mission line by merely reversing C and D and measuring the 
power in line 2 in both eases. 


The production of a rotating joint in waveguides usually 
involves firstly the transformation of the main transmission 
mode (7'F,, ete.) to one which has circular symmetry. The 
most commonly used waves are the 7M,,, and TF y,. As 
these are both higher modes for a circular guide than the TE 11, 
sare must be taken to prevent it from being propagated by 
employing a filter or resonant ring in the guide. Once circular 
symmetry has been obtained then relative motion can be 
easily provided by using a device similar to that for the coaxial 
line (an open-circuited quarter-wave radial transmission line 
without an inner conductor assembly). In the most common 
set-up, a transfer is made from a TE, mode in a rectangular 


§5] TRANSMISSION LINE TECHNIQUE 199 
guide toa TM, mode in a circular guide. This may be done 
in several ways, the criterion of performance being that re- 
flections should be negligible and that only the 7/,, mode 


exists in the circular guide. Fig. 129 indicates one way in 
which it may be done. 


From previous remarks the stub will be seen to be effectively 
in series with both guides. 


The resonant ring is Arz,,/4 from the centre of the junction 
and presents a high series impedance to the ZZ, mode. The 
main stub being Araro,/2, (dz), presents a low series impedance 
to the 7M,, mode. Thus the TE,, mode in the circular guide 
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Figure 129.—TE,5—T'M,, transformer for transforming a TE yy wave 
in a rectangular guido to a 7'’M,y, wave in a circular guide. 


is inhibited and the TJ/,, encouraged. In this particular 
transformation an inductive matching iris is necessary in the 
rectangular guide to provide correct matching into the trans- 
former. - If the device is dissipationless, then by the reciprocity 
theorem, the transformation from 7'M, to 7'L,) may be made 
with this same device by reversing the power flow. 


For transforming from coaxial line to waveguide, a probe or 
loop from the coaxial line must be inserted in the waveguide. 
For a matched condition to be obtained, the probe or loop 


200 dA TEXTBOOK OF RADAR (Ch. VII 


must be resonant; this means the probe must be approxi- 
mately a quarter of a wavelength, and the loop approximately 
a half wavelength long. Two typical couplings are illustrated 
in Fig. 130. It will be noticed that in the high power feed (b), 





o-axial line 





(9) (b) 
Figure 130.—Coaxial to waveguide couplings. 


edges are carefully rounded to prevent high localised electric 
stresses, 
6. Cavity Resonators 


The uses of cavity resonators are numerous, klystrons, magnet- 
rons, Wavemeters and filters being but a few of the many 
applications. Although in theory resonators may have any 
shape, in practice the:y are usually restricted to about three 
main forms—cirewlar cylinders, coaxial cylinders and _rect- 
angular prisms. Because of ease of fabrication, the circular 
cylindrical types are the most common. The resonant fre- 
quencies of these types of resonator have been given in the 
previous chapter. 

The coupling to a cavity can be considered as a means of 
forming a flux distribution inside the cavity. As described 
in the previous chapter, this may take the form of. either 
loops, probes or windows, depending on the feed system 
employed. Now, the nature and position of the feed influence 
the type of mode excited, and by careful design it is 
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possible to inhibit spurious modes. These spurious modes 
are usually unwanted ones which occur at frequencies 
close to those on which it is desired to operate. As a rule 
they also have lower Q values. If for example a 7'E,,, mode 
is used in a tunable cylindrical cavity, there is a TE ,, mode 
of lower Q very close in frequency and it is possible that in 
tuning, the two points may be confused. For the type of 
coupling used (loop) it is not convenient to vary its location 
except to a restricted degree, and so it is not possible to excite 
only the desired mode. To avoid this a study is made of the 
field patterns of both modes, TH,,, and TE,,,. This reveals 
the fact that for the 7'2,,, mode it is not necessary to establish 
electrical continuity between the ends and walls of the cylinder, 
whereas the T#,,, mode requires this continuity. The first 
step then is to make a false bottom for the device. In addition, 
by placing an absorbing material, wood bakelite, behind the 
bottom plate, the fields cf the unwanted mode which pene- 
trate to this space are absorbed and so cause it to be highly 
damped. It is possible by this method to reduce the ratio 
of wanted to unwanted response from say 3 to 1 to about 
100 to 1. 


Other methods are available for reducing the response to 
unwanted modes, such devices as wires correctly positioned 
in the cavity, absorbing materials etc., being fairly common. 
In each case, a study of the field patterns of the required and 
Spurious modes must be made to determine the method to be 
employed. 


In the case of a hollow cylindrical cavity, the resonant 
frequency is usually altered by moving one of the end plates 
in or out. It is essential in such a case that the mode of 
oscillation used requires no electrical continuity at the junction 
of wall and end plate. The 7'/4,, mode is particularly suited 
to this application. Coaxial type cavities may be made with 
@ gap in the centre post, Fig. 131. By varying the distance 
d the resonant frequency may be altered conveniently. At 
point A the current is small and the contact problem is not 
unduly important. 
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The dependence of Q on dimensions etc. has already been 
derived in the previous chapter and has been given by the 
approximation 

oy 
er ae 

The actual value of Q for any particular mode in a resonator 
is a fairly complicated function of the dimensions and the 





Figure 13].—Semi-coaxial cavity resonator. The resonant frequency 
is a function of the distance “ d.” 


material ef which it is made. Graphs are given in Chapter VI 
for the determination of Q for common shapes and the more 
important modes. 

As can be seen from the above equation, for a fixed wave- 
length the Q value increases with size (ratio V’/S becomes larger) 
which means higher order modes. The 7'Fo,n modes for. 
cylindrical resonators have high values of Q and are generally 
used in applications where high Q is essential. 

The production of cavities with high Q values is relatively 
easy, values up to 100,000 at a wavelength of 3 centimetres 
being attained without undue bulkiness. The interior surface 
of the cavity appears from observation to be highly important 
as regards the achievement of a high Q. A highly polished 
silver surface gives best results. The presence of water in 
droplet form, oxidation and dirt appear to lower the Q very 
substantially. 

The effects of the deformation of cavities are important, 
particularly with prisms and cylinders. With the cube with 
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its 12-fold degeneracy, changes in parallelism or length of 
one side have the effect of separating the TE and 7M modes 
having the same frequencies. With deformation of the end 
plates of a cylindrical cavity different modes and frequencies 
will be obtained. In practice, it is found that with reasonable 
tolerances in workmanship little or no difficulty is experienced. 

Because of the high Q values obtainable with resonant 
cavities, they may be used as either band pass or band stop 
filters. They may also be used as impedance transformers, 
examples of which are the aerial duplexing cavities described 
in Chapter IX. In many ways a resonant cavity behaves in 
a similar manner to a lumped element resonant circuit. For 
that reason, the analysis of the operation of resonators is 
conveniently carried out by lumped element analysis. At low 
frequencies a resonant circuit has intrinsic parameters L, C 
and R,,, which are related to w, and Q,; the resonator 
possesses only w, and Q, as intrinsic parameters for any 
particular mode of oscillation. 

It is possible to define a value of R,, by specifying two points 
in the cavity, as discussed in Chapter VI. The shunt resist- 
ance is then given by 

|f E-ds|? 
Ra = 2 x average power loss 

From this value, equivalent values for ZL and C may be 
defined as follows, 

Q 2 Rar , oO, | : 
Lo, VLC 

Provided the limitations of these definitions are recognised 
a cavity may then be represented by the equivalent lumped 
circuit of Fig. 132. 


Rs 


Figure 132.—Fyuivalent cireuit of a resonator. 


In a similar manner, by determining the eurrent flow across 
a specified line on the interior surface of the cavity, it 1s possible 
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to represent a resonator in terms of a series loss resistance 
and a series inductance and capacity. 

Coupling to a cavity is often represented by an ideal trans- 
former with an impedance transformation ratio of K?. Fig. 133 





Kz? I 


Ideal transformer 
Figure 133.—Equivalent circuit of a resonator coupled to a generator 


V, and to a load Ry. 


illustrates a case where a cavity is employed as a band pass 
filter coupling a generator to a load as shown. The circuit 
may be simplified as shown in Fig. 134 which may then be 
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Figure 134.—Simplified form of Fig. 133. 


analysed to determine its behaviour. As most cavities are 
usually employed in a resonant condition the circuit may be 
further simplified as shown in Fig. 135. In this circuit, the 
input and output couplings K, and K, are entirely arbitrary. 


R= Ki Rg 
. Rw KR 
v=Kyy(S) 
Figure 135.—Simplified circuit of Fig. 133 at the resonant frequency 


of the evavity. 


They are often chosen to make the input impedance match 
that of the generator. 
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In this case, Rs Bt, Re 
Ra =“ R, 
Re = a 
ees: 
Ren 


where R, = K,° Rg and R, = K,? R,. 
The power coupled into the cavity is 
V2 
PaaS 
: 8k, 
since the input impedance matches the generator. 


The power to the load is then 
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Power is therefore transmitted through the cavity with an 
efficiency 
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the Q when loaded by the input and output circuits is given by 
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Therefore 
Ry _ 20: 
Rsh Q. 
and 
2 
pana 


As Q, — Q,/2, the output coupling A, must be reduced in 
order that a match may be maintained at the input. The 
transmission loss of the cavity may be determined by measure- 
ments of Q@ and Q,. The former is found from the bandwidth 
B of the cavity between the half power points with very 
loose input and output coupling 

SS ex fo 

ie. Q, =i 
Similarly Q, is determined by a measurement of the bandwidth 
B, with the actual adjustment of the couplings, and for high 
Q cavities is given by 

fo 
0, = a 

Other properties of the equivalent circuit may be derived 
for various coupling adjustments but the example should 
be sufficient to indicate the method. 

The impedance looking into a cavity may be determined 
experimentally as shown in Fig. 136. With a knowledge of 


Qselllotor Resonator 


Figure 136.—Measurement of the input impedance of a resonator. 
Q,, Q, and the coupled impedance, it is then possible to derive 
expressions for the degree of coupling. 

7. Measurements at Microwavelengths 
As this chapter is concerned with techniques, it is appropriate 
that mention be made of the techniques of measurements. 
It will not be a comprehensive survey ; rather, those methods 
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in common use in this laboratory will be described. Hence, 
the following remarks must be taken as indicative only of 
some of the methods which may be employed. 


Frequency and Wavelength 


The question at once arises, which of the two is to be employed. 
If we had an exact knowledge of the physical properties of 
various media it would be immaterial which were used. This 
is not so, however, and for exact work it is preferable to decide 
on one or the other. Frequency being the more fundamental, 
and being independent of the medium, is the desirable choice. 
However, in most laboratory measurements where accuracy 
is not paramount it is immaterial which unit is used, a value of 
3 x 10'° centimetres per second for the velocity of wave pro- 
pagation giving sufficient accuracy for the transformation. 

Coaxial lines may be used for measuring wavelength by using 
a short length of line with a movable short circuiting plunger. 
By measuring the distance between two successive resonance 


points the wavelength may be determined. A typical example 
is shown in Fig. 137. 


From 
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Vernier Drive Assembly 


Figure 137.—Coaxial type wavemeter. Resonance is indicated by a dip 
on the detector meter. 


In the particular device shown, resonance is indicated by 
a dip in the crystal current reading. The corrections for 
field distortion at the loop ete., are very small, and in many 
cases a direct reading of the distance will give sufficient accur- 
acy. 
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Mention has already been made in section 6 of the method 
of tuning a cavity resonator. Fig. 131 shows a semi-coaxial 
type which may very conveniently be used as a wavemeter. 
Alternatively the end plate of a hollow cavity may be moved 
in or out to provide means of measuring wavelength. Such 
devices must be calibrated either by comparison with a coaxial 
type of instrument, or by comparison with the higher harmonics 
of a standard crystal oscillator. A crystal and meter are also 
coupled into the cavity in order to indicate the resonance 
point. Whilst the coaxial type gives a fundamental length 
measurement, it will be seen that the cavity type is only a 
comparison method and hence requires careful calibration if 
accuracy is to be achieved. Fixed wavelength resonators 
may be made and their resonant wavelengths determined by 
a length measurement. These are then useful as reference 
standards to provide check points in the various wavelength 
bands. Bracewell? describes a standard cavity of the type 
mentioned and also the construction and calibration of a 
cavity type wavemeter against a standard crystal. 

In certain cases it is permissible to connect the wavemeter 
direct to the oscillator or signal source. For high accuracy 
however, this is not good practice, for the following reason. 
Most signal sources, particularly at microwave frequencies, 
contain only the oscillator with an output connection directly 
from it. As these oscillators do not supply much power, it is 
necessary to couple tightly to them which then means that a 
fairly large external impedance is reflected into the oscillatory 
circuit, thus in part determining the frequency of oscillation. 
If the load changes through connecting and disconnecting 
the wavemeter, then the oscillator frequency may change. 
Tuning through resonance on the wavemeter will cause large 
impedance changes and hence may exert a considerable effect 
on the frequency. In practice it is best to isolate the oscillator 
with at least 10 decibels attenuation. Indeed it is preferable 
to use a directional coupler with a ratio of 100 to 1 to enable 

7 R. N. Bracewell, “ L-band standard cavity,’ €.S.1.R. Radiophysics 
Laboratory, Report TL 134 September, 1944; and ** L-band cavity wave- 


meter,” C.S.L.R. Radiophysics Laberatory, Report TI 134/1, September, 
1944. 
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the wavemeter to be left continuously in circuit. The direc- 
tional coupler does not interfere with the main power used by 


the load and thus may be left in circuit for the duration of 
the measurements. 


Power Measurements 


Basically, most measurements of power at microwave fre- 
quencies involve the conversion of RF energy to some more 
easily measured form—usually heat. Any convenient method 


may then be used to determine the temperature rise of the 
element involved. 


High Power Water Calorimeter Method (Fig. 138). A coaxial 
line (or waveguide) is shorted at one end and provided with a 
plug of “ Mycalex ” as shown to produce a section in which 
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Figure 138.—Water calorimeter for the measurement of high RF powers. 


water may circulate. The length L is chosen to be several wave- 
lengths long, so that all the incident RF energy is absorbed. 
The flow of water is indicated by arrows, and thermocouples 
are attached to both the ingoing and outgoing water pipes 
to measure the temperature rise. ‘The voltages generated 
by these elements are applied to a microammeter as shown. 
If the water flow, temperature difference. and thermal con- 
stant are known for the instrument, then the meter may be 
calibrated to read power in watts directly. Naturally there 
are several sources of error on the thermal side but these 
would be self evident when using the instrument and will not 
be discussed here. The dielectric constant of water is approxi- 
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mately 80 and it has a fairly high loss characteristic at ultra- 
high frequencies. To match to it from a coaxial line with 
air dielectric and characteristic impedance Z, = 50 ohms, 
requires a quarter wave transformer of Z=V50 x6=17 ohms. 
Therefore & (for same dimension) = 8-7. 

Mycalex is the only material available with high breakdown 
strength which approaches this value of dielectric constant. 
Locally available material has a dielectric constant of about 
8 but some American firms have produced it with a value of 
10-7. By making the water column long enough, very small 
reflections are obtained, and a match better than 0-98 can be 
obtained, Other devices exist for the measurement of high 
power, but space does not permit their inclusion here. 
Low Power. Crystals, bolometers and thermistors are the 
main devices in common use. The crystal, which consists of 
a tungsten wire making contact with a small slab of silicon 
acts as a rectifier ; and a meter in its DC circuit will give a 
measure of the incident power. The calibration varies con- 
siderably with use however and hence the device is of limited 
application. 

The bolometer and thermistor function by reason of resist- 
ance changes caused by the heating effect of the absorbed RF 
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Figure 139.—Mounting and connections for the thermistor element. 
power. Bolometers are made with a fine platinum wire 
whose sensitivity is of the order of several thousand ohms peT 
watt. They are delicate and considerable care must be 
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exercised in their use. Thermistors have a tiny bead 
made out of a mixture of metallic oxides (Mn,0;, SiO) and 
have a negative coefficient of resistance. Their sensitivity 
is equivalent to that of the bolometer, and at the same time 
they are much more robust. 


The actual element to be used must be mounted in a suitable 
holder to enable it to absorb all the power and to enable DC 
connections to be made to it. 


Such a device is shown in Fig. 139 with a matching screw 
to take account of variations in individual thermistors. It 
is fairly tolerant to frequency changes and requires few or no 
correcting factors. 


A balanced bridge is used with this instrument to determine 
the power. As a rule, the instrument is calibrated on DC or 
50 cycles AC and the effective range is from about 10 micro- 
watts to 4 to 5 milliwatts. 


A typical circuit is shown in Fig. 140. 
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Figure 140.—Thermistor bridge circuit used to measure powers of 100 
microwatts to 5 


5 milliwatts. 

For measuring high powers on a low power instrument a 
directional coupler (section 5) or a known attenuator must be 
used. The attenuation may be cither fixed (lossy cable or a 
lossy element in the feeder) or may be of a variable type. 
The variable types make use of the characteristics of a wave- 
guide operated at wavelengths longer than the critical value. 
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The propagation constant in a waveguide is given by equation 


17 of Chapter VI. 
22\2 
f= (}) — wen. 


If (27/2,)? < w*eu, I’ is imaginary and so gives propagation 
with a real velocity and no attenuation. If, however, 
(22/A,)? > wen, I is real and represents attenuation. 


Taking the latter case, it can be shown that 


2a AN? 
eG 1 — 3 / nepers per metre. 


This gives an attenuation device which may easily and correctly 
be calibrated by a length measurement and which moreover 
has the advantage of providing a linear variation when. cali- 
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Figure 141. -Attenuation ina circular waveguide which is operated below 


its critical frequency. 


brated in decibels. The most commonly used excitation is 
that in circular guides of TE,, or TM,, modes. In Fig. 141 
a graphical means is given of determining the attenuation for 
any of several modes. 
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Fig. 142 shows a type of attenuator using the above mode 
in a circular guide, in which it is possible to obtain an attenua- 
tion from 20 to 100 decibels without difficulty. (It is not 
desirable to bring the loops too close together because higher 
order fields occur near the loop which upset the attenuation 
law). Unfortunately a minimum insertion loss of about 


Exciting loop Movable pick-up loop 





Figure 142.—Waveguide attenuator. Circular guide operated below its 
critical frequency. 


20 decibels restricts the use of the attenuator. This attenuator, 
together with the thermistor meter, gives a fairly flexible 
system for measurements of power above one watt. 

For very low power measurements (107% to about 
10-5 watts) a receiver may be used as a comparison device ; a 
measurable amount of higher level power being attenuated 
by a known amount to the level of the power to be measured, 
and a comparison made with the unknown low power. 

There are several precautions that must be observed in 
all power measurements. Firstly the device must be matched 
to the source of power. For this reason the advantage of 
standardising on a given impedance for all equipment will be 
immediately seen. Secondly, lossy elements must not be 
interposed between the source and the absorbing element 
unless their exact magnitude is known. ‘Thirdly, the absorb- 
ing units are usually sensitive to changes in ambient tempera- 
ture and so must be continually checked for correct adjustment. 


Impedance Measurements 


The theory of impedance measurements has been given in the 
previous chapter, and an indication of the type of equipment 
. that may be used has already been given in section 2. Norm- 
ally however, much more refined equipment: is used in practice 
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in order that a high degree of accuracy may be obtained. 


Plate X (b) shows an impedance measuring gear that has been 
designed for use at wavelengths between 23 and 26 centimetres, 


The measurement of impedance involves the accurate 
determination of the voltage or current node, and the voltage 
standing wave ratio S. The former is easily obtained by a 
scale on the instrument marked say in millimetres. The 
measurement of the latter depends to some extent on the 
magnitudes concerned, and the following remarks should 
indicate suitable methods for various cases. 


Voltage Standing Wove Curve 





ee 


Figure 143.—The determination of low values of S. 


For high ratios of S (between 1-0 and 0:5) the crystal de- 
tector may be used with the probe assembly as previously 
described. Although the crystal has nominally a square 
law characteristic, it should always be checked if great accuracy 
is essential. For lower values of voltage standing wave ratib 
it is preferable to use a variable attenuator between the probe 
assembly and crystal and to maintain equal crystal current 
readings for node and antinode positions. By reading the 
change in attenuation the voltage standing wave ratio may 
then be determined. 


For very low values of S (less than about 0-1) the following 
method may be used. Assume part of the voltage standing. 
wave curve as shown in Fig. 143. 
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If x is the distance between the points where the detector 
current is twice its value at minimum, and assuming an approxi- 


mate sine law curve, it may then be shown that the voltage 
standing wave ratio is given by, 


where A is the wavelength in the measuring equipment. 


A receiver whose detector characteristics are known is 
useful in making this measurement. It is connected to the 
probe assembly in place of the crystal. This method is of 
particular value when determining the complex dielectric 
constant of insulating materials. 


CHAPTER VIII 


AERIALS 


Tue development of ultra high frequency and microwave 
techniques during the last few years has given rise to a corres- 
ponding development in aerial design. The tendency has 
been to produce either very narrow beams or beams with 
a predetermined directional characteristic. To some extent 
this has occurred through modification of long wave techniques. 
e.g. the use of arrays of dipoles ete., but, because of the fact 
that it is possible at these frequencies to make aerials with 
linear dimensions large with respect to the wavelength, the 
problem has also been approached from the point of view 
of geometrical optics, and this has resulted in aerials using 
paraboloids, lenses, ete. A further type of aerial has developed 
out of the obvious use of an open ended waveguide as a radiator, 
namely the flared waveguide or horn aerial. 

The theory of directional aerials at these frequencies is 
very similar to the theory of diffraction in optics. For instance, 
an array of point sources is analogous to a diffraction grating, 
the radiated field from a paraboloid fed by a point source 
corresponds to the optical case of Fraunhofer diffraction at 
an aperture, and that of a sectoral horn arises from Fresnel 
diffraction at its aperture. 

The various types of aerials have been broadly grouped 
into the following three categories for the purposes of dis- 
cussion. 

(a) Elementary radiators, of which the half wave dipole 
is one of the most important types. 

(b) Arrays of clementary radiators. 

(c) Continuous surface radiators. These are aerials in 
Which the radiation is produced by a continuous current 
distribution in a conducting sheet or by a continuous field 
distribution across an aperture, where the dimensions of the 
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conducting sheet or aperture contain at least several wave- 
lengths (in order to distinguish between this type of radiator 
and what has been termed an elementary radiator). An 
example of this group is the paraboloid reflector. 

It should be remembered that these three groups are by 
no means distinct, but that the divisions have been drawn 
for convenience only. In addition to the aerial systems 
described under this grouping, other sections of the chapter 
deal with various general and special aerial characteristics. 
A brief summary of measuring techniques is also included. 


1. General Aerial Properties 


Directional Diagram of an Aerial 

In order to define completely the properties of an aerial as a 
directional radiator, it is necessary to know the radiated 
power per unit solid angle in all directions and the polarisation 
of the wave. The majority of applications require a plane 
polarised wave which is, in general, the simplest type to 
produce. In this chapter, aerials giving plane polarisation 
only will be discussed. The plane containing the direction 
of propagation and the electric vector is known as the # plane 
and that containing the magnetic vector the H plane. If we 
have an aerial situated at O (Fig. 144), we need to know the 





Figure 144.—Coordinate system for specifying the directional properties 
of an aerial situated at 0. 
radiated power per unit solid angle as a function of 0 and ¢. 
Now power per unit solid angle is proportional to the field 
intensity ® at a fixed distance from 0. Field intensity is 
defined here as the power per unit area passing through a 
R.—8. 
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plane at right angles to the direction of energy flow. Thus 


2 
== (1 
No 
where @ is in watts per square metre 
E is the root mean square radiation electric field in 
volts per metre 
> = 120z ohms is the intrinsic impedance of free space. 


@ 


Thus the directional properties of an aerial may be expressed 
in terms of either the field strength Z or the field intensity ® 
as a function of 6 and ¢. 

To describe the directional distribution of H, the space 
factor S(0,¢) of an aerial is defined by 


k 
B = =8(6,4) (2) 
and S(6,4) maz = 1 (3) 


where £ is the radiation field in volts per metre 
k is a constant depending on the total power radiated 
etc., and is derived on p. 222 and 
d is the distance from the aerial in metres. 


It follows from equation (1) that the directional distribution 
of ® is then given by 
2 
= k 
dn, 
2 
ae on 
where ©*(6,¢) = S?(0,4) may be called the normalised intensity 
and *,,,, = 1. Either S(0,4) or *(6,4) completely describe 
the directional properties of the aerial in three dimensions. 
For many purposes it is sufficient to know the directional 
properties in one or two planes (in general the Z and H planes) 
and we can then use a one dimensional space factor S(8) or 
intensity ®*(9). The graph of S(O) or ®*(6) against 0 is 
known as the polar diagram of the aerial in the given plane. 
It must be specified. of course, whether field intensity or field 
strength is being plotted. 





S?(6,¢) 


*(8,9) (4) 
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Because of the finite size of an aerial and also due to the 
presence of the induction field close to the aerial, the polar 
diagram is only independent of distance for large distances. 
However, in almost all applications we are concerned only 
with the distant field, and so in theoretical work the space 
factor is calculated in terms of the “ field at infinity.”” A case 
where it is necessary to consider the field near a radiator is 
that of a feed for a paraboloid or lens. ‘The polar diagram 
may be plotted in either polar or Cartesian coordinates, the 
latter being more convenient for very narrow beams. A 
typical diagram is shown in Fig. 145, plotted in both Cartesian 


S(9) 


oOo 


tell = 5 NS 4 


Figure 145.— Typical polar diagram having beamwidths « to half power 
points, 6 to half field points, and 4 to zero field points, plotted in Cartesian 
and polar coordinates. 


and polar coordinates. It is seen to consist of a main beam 
or lobe and a number of side lobes, which are generally kept 
as small as _ possible. 
The beam width may be defined in any of the following 
ways, 
(a) The width of the main lobe to half power points % 
(6) The width of the main lobe to half field points 0. 
(c) The width of the main lobe between the first two minima 
in the polar diagram — 1. 
For convenience definitions (b) and (c) will be used. 


Directivity and Gain 
The directivity of an aerial is defined as the ratio of the power 
per unit solid angle radiated in the direction of maximum 


220 A TEXTBOOK OF RADAR (Ch. VIII 


radiation to the average radiated power per unit solid angle 
42D nae 
“[OdQ 

42 


= [o*10 ms 





i.e. Directivity = 


where Q is the solid angle. 


The gain of an aerial is defined relative to a standard radiator, 
and is the ratio of the power which must be supplied to the 
standard to produce a given field at a given distance in the 
direction of maximum radiation, to that which must be sup- 
plied to the aerial to produce the same field at the same dis- 
tance. The standard aerial may be a hypothetical spherical 
(isotropic) radiator, a half wave dipole, or a short current 
element (infinitesimal dipole), The factors relating these three 
definitions of gain may be easily found, since the gain, @,, of 
an infinitesimal dipole relative to a spherical radiator is 1:5 
and that of a half wave dipole is 1-64. For an aerial in which 
there are no ohmic losses, the gain relative to a spherical 
radiator is equal to the directivity. An example for which 
this is not so is that of a rhombic aerial in which some of the 
power supplied to the system is dissipated in a resistive load. 
Another example is the non-resonant array of section 4. 

Except in a few cases, the term gain will be employed in this 
chapter even when strictly directivity is meant, since in most 
of the aerials described ohmic losses are negligible. The 
symbols G,, G,, G4 will be used for gain relative to a spherical, 
infinitesimal, or half wave radiator respectively. 


Radiation Resistance 
The radiation resistance of an aerial referred to a given point 
in the system is equal to the resistance which, if inserted at 
that point, would dissipate the same energy as is actually 
radiated by the system. If the current at the reference point 
is 7,, then 
Radiated power 

R, = as : 

I, 


The concept of radiation resistance has its most important 





(6) 
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application for radiators such as dipoles or slots, since in 
these cases a generator can be inserted at a definite point 
on the aerial and the resistive component of the load presented 
to the generator is equal to the radiation resistance referred to 
that point (neglecting ohmic losses). The most useful refer- 
ence point is at the terminals of the aerial. 


Bandwidth 


Bandwidth is dependent on two considerations: (a) change 
in impedance of the aerial with frequency and consequent 
mismatch to the generator; and (b) deterioration of polar 
diagram with frequency. 

For most aerials, particularly those composed of resonant 
elements (a) is the more important, since impedance change 
with frequency is much more rapid than change of the polar 
diagram. However, in a particular case such as a long, end- 
fed array of elements, frequency change will cause swinging 
of the beam, which may be undesirable. 

In cases for which (a) is the major consideration, bandwidth 
is generally defined as the frequency range over which the 
voltage standing wave ratio! on the feeder is greater than 
some given amount, although in some cases, particularly 
half wave dipoles, the bandwidth can be defined by the equival- 
ent Q of the radiator considered as a lumped resonant circuit. 
In this chapter the bandwidth 4f will be defined as the fre- 
quency range for which the voltage standing wave ratio 
> 0-7 ie. the power standing wave ratio > 0-5. The relation 
between Af and the Q of a system is given by 


Af 0-017 a 

wo a) 
fo Q 

where f, is the resonant frequency, and the voltage standing 

wave ratio is unity for f = f,. A voltage standing wave 


ratio of 0-7 is equivalent to 3 per cent of power being reflected 
at the load. 

The conditions which determine the bandwidth required 
of an aerial are: (a) allowable pattern deterioration; (b) 
allowable standing wave ratio on the feeder ; (c) frequency 


1¥For the definition of standing wav? ratio see footnote * Chapter VI. 
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spectrum to be transmitted, e.g. in the case of pulsed radiation, 
television, or frequency modulation ; (d) tolerances on linear 
dimensions of the system. In general the smaller the band- 
width of an aerial i.e. the more highly resonant it is, the more 
critical the tolerances become. 


Radiation Field 
The intensity at a distance d from a spherical radiator is 
given by 
Pr 
~ dd? 
where Pp is the transmitted power. 
Substituting from (1) we obtain 


E= 5Vi0P 5. (8) 


Thus the field at a large distance d measured in the direction 
of maximum radiation, from an aerial of power gain G, relative 
to a spherical radiator, is given by 


————— 
E= 5 V30G,Pr. (9) 
The field in any direction relative to the aerial is 
S(O, ———— 
= “4 V30G,Pp. (10) 


The Theorem of Reciprocity 

Consider two aerials, A and B having any orientation and 
displacement relative to one another. The theorem states 
that if a voltage V applied to A causes a current J at a given 
point in B, then the voltage V’ applied at this point in B will 
cause a current / in 4 at the point where V’ was originally 
applied. 

The main use of this theorem is that it enables us to obtain 
the properties of a receiving aerial in terms of its properties 
as a transmitting aerial. Thus the polar diagram (i.e. the 
response to waves incident at varying angles), gain, and 
impedance of an aerial used for receiving are the same as 
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when the aerial is used for transmitting. The main difference 
between receiving and transmitting aerials is that the latter 
must have a high power handling capacity, e.g. feeders must 
be of sufficient dimensions to avoid breakdown. 


Aerials as Receivers of Waves 


As stated above, the properties of an aerial as a receiver may 
be found from its properties as a radiator of energy. How- 
ever it is sometimes useful to know how much power an aerial 
will absorb from an incident plane wave. This may be de- 
termined for any particular system, the simplest case probably 
being that of a current element, and once this is done all other 
cases may be evaluated if their gain relative to the particular 
aerial chosen is known. 

Consider a simple aerial such as a current element or a half 
wave dipole situated in a field and delivering power to a 
matched load (i.e. load + ohmic resistance = radiation 
resistance). Then, of the power input to the system, one half 
is dissipated in the load plus ohmic resistance and one half in 
the radiation resistance, the latter portion being re-radiated. 

The power absorbed by any aerial (i.c. the power dissipated 
in the load resistance) oriented for optimum reception may 
be shown to be 





G,?* 
= = — E? ll 
Rima 48072 (11) 
where E = incident field (root mean square) 


G, = gain relative to an isotropic radiator. 


For an aerial having any orientation relative to the incident 
wave 


G,22 
> 2 eles */( ( 2 . 12 
Pu= Bot p*(0,6)E (12) 

G2? 
AY 920.4) E2. (13) 

48027 


Absorption Cross Section (A,) 
Absorption cross section is defined as the area from which 
energy would have to be abstracted from the incident beam 
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to equal the energy actually removed and absorbed in the 
load. It may be shown that 


22 
A, = aad @*(6,4). (14) 
4x 
2 
Hence A, - Gal (15) 
max 4n 


when the aerial has optimum orientation. If the actual 
cross sectional area of the aerial equals the absorption cross 
section then 


It will be seen in the next section that this is the gain of an 
aerial which, when transmitting, has a field distribution 
uniform in phase and amplitude across an area A. 


Re-radiation Cross Section (A,) 

Since currents are induced in an aerial by the incident wave, 
re-radiation can take place, and the re-radiation cross section 
is defined as the area of the incident wave front from which 
energy would have to be absorbed to equal the energy re- 
radiated. It is often erroneously stated, on the basis of a 
simple circuit analogy, that for any matched aerial the re- 
ceived energy is equally distributed between load resistance 
and radiation resistance, and so the re-radiation cross section 
equals the absorption cross section. If this were so, the black 
body concept, so useful in thermo-dynamics would be invalid. 


A more exact circuit analogy is given in Fig. 146. The 
infinite transmission line of characteristic impedance Z, 
represents free space which guides the wave to the aerial 
represented by the impedance Z. The impedance looking into 
the line at 4d’ represents radiation resistance and equals 4Z,, 
and so for a matched aerial we must have Z = 4Z,. It can 
be shown that in this case, of the incident power P, P/2 is 
absorbed and P/2 “ re-radiated,’”’ half of this being re- 
flected and half transmitted. This case would correspond 
to an array of dipoles without any reflecting sheet, and so 
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for such an aerial A, = A,. It is also clear that the re-radiation 
gain equals the actual gain of the aerial. 


If now we place a short circuit across the transmission 
line of Fig. 146 behind the load (say at BB’) and adjust Z so 
that it again equals the impedance looking into the line at 
AA’, then all the incident power is absorbed since in this 
case, the reflected waves cancel and there can be no trans- 





Figure 146.—Equivalent circuit for a receiving aerial with a plane wave 
incident on it. 


mitted wave. A free space equivalent of this circuit is a 
resistive sheet of surface impedance », backed by a conducting 
sheet spaced 4/4 from it. Without the conducting sheet all of 
the incident power would not be absorbed. An equivalent 
aerial system is a rectangular array of dipoles backed by a 
reflecting sheet. Another less obvious example is any con- 
tinuous surface radiator which transmits all its power through 
an aperture in the form of a plane wave of uniform amplitude. 
In both of these cases all the incident power is absorbed 
(ie. A, = 0). 


In the case of a paraboloid of gain factor less than unity 
(see section 5), a fraction of the incident power is re-radiated, 
but the re-radiation gain does not equal the aerial gain. Effec- 
tively the reflector may be considered as a matching trans- 
former and if the gain factor is less than unity a mismatch 
exists and re-radiation occurs. 


In the case of aerials such as horns which transmit a diverg- 
ing wave, complete cancellation of the re-radiation clearly 
cannot occur; that is the horn is not a perfect ~ matching 
transformer.” 
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2. The Aerial Problem 


The aerial problem may arise in two forms : 

(a) Given a specific radiating system, find its directional 
characteristics, gain etc. 

(b) Given a directional characteristic, find a radiating 
system which will produce it (subject of course, to additional 
requirements such as bandwidth, impedance, physical size 
etc.). This problem is discussed in section 8. 

Problem (a) can be solved if a solution of the wave equation 
with the appropriate boundary conditions can be found. 
However, if as in the case of a thin half wave dipole, a suitable 
current distribution on a conducting surface, or in the case 
of a paraboloid, a suitable field distribution over an aperture 
can be assumed, the approximate solution becomes somewhat 
simpler. 


8. Elementary Radiators 


Elementary radiators form the basis for many other types of 
aerials (e.g. arrays, feeds for paraboloids, lenses, etc.). Two 
types, the half wave dipole and the half wave slot will be 
discussed in some detail. 


Short Current Element (** Infinitesimal ’’ dipole) 


Consider a short current element of length dl (where 61 < 4) 
situated at the origin and along the z axis of Fig. 144. The 
following results may be obtained : 


S(8,4) = cos 0. (16) 
This is Sane: in Fig. 147 in polar form. 


= pe a = 790 (5) (17) 
as 


(18) 


and using equations Se and (15) we obtain 


w 


omer = At = 0-122? 19 
max 82 ( ) 


2B? 
= == 3:2: 10-8 ARH, 20 
Rmax 32022 x ( ) 
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Because of the high reactive component of the impedance 
of short current elements and because it is in general more 
convenient to use a resonant dipole, they are rarely used 
at ultra high frequency except where there is a restriction 
on size as in the case of detector probes for impedance measur- 
ing gear etc. 


The Half Wave Dipole 


A thin conductor one half wavelength long behaves as a 
resonant element, and if the current distribution along it is 
known the radiation field may be calculated by considering 
it as an aggregate of current elements. This treatment leads 
to the following results : 


a. 
cos G sin 0) 
S(6,¢) = a 21 
(8,9) ee (21) 
where the dipole is centred at the origin of the coordinate 
system of Fig. 144 and lies along the z axis. The polar diagram 


we 


element 


Half wave ee 


Figure 147.—Polar diagrams of a short current clement and a half wave 
dipole in a plane containing them. 


of a half wave dipole is plotted in Fig. 147 and may be com- 
pared with that of a short current element. 


R, = 73-3 ohins (22) 
where R, is referred to the centre of the dipole 
G, = 1-64 ; (23) 
Pp = 346 x 104 2? BY (24) 
max 
A, = 0-132. (25) 
max 
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If a matched load is inserted at the centre of the dipole, then 
the voltage induced across it by an incident field Z is given 
by 

_ WE 


, 26 
y= (26) 





Effect of Finite Thickness of a Half Wave Dipole. The main 
effect of finite thickness is to increase the bandwidth and to 
decrease the resonant length (see Fig. 152). Thus fat dipoles 
must be used when wide bandwidth is required. The effect 
on 8, R,, G,, ete. is of the second order. 


The Dipole as a Circuit Element. The assumption of a sinusoidal 
current distribution leads to useful results in the case of the 
thin half wave dipole, but it gives no indication of the pro- 
perties of an actual dipole. In some other cases the treat- 
ment is useless. For instance in the case of an aerial one 
wavelength long and fed at the centre, the current at the centre 
becomes zero and the impedance infinite. 


Figure 148.—Conical radiator with spherical ends and boundary sphere (Ss). 


A method of overcoming this difficulty is used by Schel- 
kunoff.2- He considers a conical dipole of section given in 
Fig. 148, and assumes that the aerial and the surrounding 


*S. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, New York, 
1943, pp. 441-79. 
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space are two waveguides consisting of (a), the aerial region 
bounded by the conical surfaces and the hypothetical boundary 
sphere (S) and (6), the space external to (S). The wave 
approaching (iS) is then partly transmitted and partly reflected, 
the transmitted portion representing radiation. In order to 
satisfy the boundary conditions at the conical surfaces and 
on the sphere (S), it is necessary to consider a large number 


2; K 


Figure 149.—Transmission line equivalent of a dipole of length 21 and 
average characteristic impedance K 





of modes within and without (S). The aerial as far as the 
principal wave is concerned may be considered as a trans- 
mission line terminated in an impedance Z,, and _ having 
characteristic impedance AK (Fig. 149). Curves for Z, are 
given by Schelkunoff, so that if K is known, the input imped- 
ance Z, can be determined. 


For the conical aerial of Fig. 148 


K = 120 log, cot © (27) 
2 

= 120 log, — if y is small. (28) 
y 


If the shape of the aerial is other than conical the same type 
of treatment can be used (as long as the transverse dimensions 


—_——el 





$2 
— foes 
Figure 150.—Cross section of a cylindrical dipole. 


are small) except that such aerials, unlike cones, are non- 
uniform transmission lines. The quantity A’ becomes the 
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average characteristic impedance. For a cylindrical aerial 
(Fig. 150), the average characteristic impedance is given by 


2 
K = 120 Ca 1). (29) 


Curves are given by Schelkunoff for K, Z,, Z,, and for the 
resonant lengths of other shapes of dipole radiator. 


Case of J = 4/4. When J is just less than A/4, half wave 
resonance occurs, the input impedance being resistive and 
equal to the radiation resistance. Since, in the region of half 
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Figure 151.—Transmission line equivalent of a half wave dipole having 
radiation resistance R,. 


wave resonance, the change in the reactive component of Z, 
with frequency is much greater than the change in its resistive 
component R, we can represent the aerial by the equivalent 
transmission line circuit of Fig. 151. We have 


Bi Be RGR. (30) 


To a first order R, is a constant equal approximately to 
73 ohms and 
. 2al 
X, = — K cot ee (31) 
When 1 = 4/4 we can treat the dipole as a series resonant 
circuit, and using (31) the @ of a dipole is found to be 


ak Kk 
sere dy CEng 32 
@ 4k, ~ 100 bee) 
For the cylindrical half wave dipole of Fig. 150 
i A 
Q = 2-76 logy, oes 1-20 (33) 


since 2/ = 4/2. 
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For a half wave conical dipole of half angle yp 


2 
Q = 2-76 logis yp (34) 
The bandwidth is found from equation (7) to be 
Af 17 
Ee (35) 
when the dipole matches the line at the resonant frequency. 


BS 


Fig. 152 gives K, F? Q and percentage deviation p of the 
resonant length from 4/2 for a cylindrical dipole. 
ae oO 
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Figure 152.—Characteristic impedanco, Q, and percentage doviation of 
resonant length from half wave, of a evlindrical dipolo of longth 2/ and 
diameter 2a at half-wave resonance. 
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Methods of Feeding Dipoles 


A dipole may be energised through a transmission line con- 
nected to its centre, and the feed is termed either resonant or 
non-resonant depending on whether or not standing waves 
exist on the line. It is in general desirable with high power 
radar transmitters to use a non-resonant feed since, for the 
same power, the maximum voltages appearing on the feeder 
are larger in the case of a resonant system. 


Twin Line Feed. (a) Resonant. This consists of a twin line, 
an integral number of half wavelengths long connected between 
generator and dipole (Fig. 153). The impedance presented 
to the generator is thus the dipole impedance. The standing 
wave ratio on this feed depends on the ratio of characteristic 


Zr Zo Zp 


Figure 153.—Dipole with resonant feed consisting of a twin line an 
integral number of half-waves in length, 


impedance Z, of the line to the dipole impedance. Such feeds 
find their major application as connecting links between the 
elements of arrays. 


(b) Non-resonant. If no standing waves are to exist on the 
line it must be matched to the dipole, for instance by making 
Z,, equal to the resonant dipole impedance. This, however, is 
in general difficult except when low powers are used and a 
line of very small spacing can be employed. If Z, ~Z,, then 
a matching network such as a quarter wave transformer 
(Fig. 154) or a system of stubs must be used. Methods of 
matching transmission lines to loads are described in 
Chapter VII. 
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One of the major disadvantages of twin lines at ultra high 
frequencies is that of radiation which may introduce losses, 
unwanted cross polarisation and other effects. The radiation 
from a non-resonant twin line of length at least twenty times 
the spacing is equal to twice that from a current element 
carrying the same current as the line and having a length 
equal to the line spacing. 





Zo = VZoRe 


Figure 154.—Non-resonant twin line feed using a quarter-wave matching 
section. 


Concentric Line Feed. Since it is quite feasible to make a 
concentric line having Z, equal to 73 ohms, such lines may bo 
matched directly to a dipole (Fig. 155). Since however, the 
dipole of Fig. 155 presents a balanced load and a concentrio 


Figure 155.—Simple coaxial fed dipole. 


line is unbalanced, currents will flow on the outside of the 
concentric line and will give rise to radiation, which may be 
undesirable. Thus some form of balance to unbalance trans- 
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former is needed. Some typical arrangements are shown in 
Fig. 156. 










Concentric 
(imped. = dipole imp.) 


x lengin of cable 





(c) 


Figure 156.—Various feeds using balance to unbalance transformers to 
couple from an unbalanced coaxial transmission line to @ balanced 
radiator. The device shown in (b) is known as the Pawsey stub. 


Waveguide Feed. A dipole may be fed from a waveguide by 
means of a probe parallel to the electric field, a typical arrange- 
ment being shown in Fig. 157. A linear array of dipoles may 
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be excited by spacing them along a waveguide. The coupling 
to the guide and therefore the amount of energy abstracted 
from the guide can be adjusted by means of the probe. 


probe 





Figure 157.—Half-wave dipole oxcited from a waveguide by means of a 
probe situated parallel to the electric field. 


Slot Radiators® 


The concept of a slot in a conducting sheet as an efficient 
radiator is rather novel. It may be shown that a narrow 
slot approximately one half wavelength long in an infinite 
conducting sheet and energised at its centre AA’, (Fig. 158) 
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Figure 158.—Half-wave resonant rectangular slot in a conducting sheot. 


behaves as an efficient resonant radiator of energy. To a first 
approximation it behaves in a similar fashion to a twin’ trans- 
mission line shorted at each end and fed at the centre, thus 
making it a resonant element. However, owing to the fact 
that the currents are not localised but spread out over the 


*Telecommunications Research Establishment Mathematics Group. 
“ Babinet’s principle and the theory of resonant slots,” TPelecomumunications 
search Establishment, Report 29, December, 141. 
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sheet, the radiation from the slot is much greater than that 
from a two wire transmission line. 

The properties of a slot may be determined from the equival- 
ent properties of the complementary dipole by application of a 
modification of Babinet’s principle which arises in optics.* 
Thus the field of a slot is obtained from that of the comple- 
mentary dipole by interchanging electric and magnetic fields 
and reversing their direction on one side of the slot. That is, a 
slot is analogous to a hypothetical dipole consisting of a 
‘‘ perfect conductor of magnetic current” fed at its centre 
by a “magnetic current generator.” A vertical slot has the 
same polar diagram and gain as a vertical dipole but produces 
a horizontally polarised field. 

The radiation resistance of a narrow resonant slot is given by 
7? 


Rya : R,s = 4 (36) 
R,, = slot resistance 
R,q = dipole resistance = 73 ohms. 
Hence R,, = 485 ohms. (37) 


The bandwidth of a rectangular resonant slot is equal to 
that of the complementary dipole and is about one half that 
of a cylindrical dipole of diameter equal to the slot width. 
Since the resonant length of a rectangular slot is slightly less 
than 2/2 and obeys a similar law to that of a half wave dipole 
(see Fig, 152) we have for a slot of length 27 and width b 


Q = 55 loge > — 2-4 (38) 
OF oe a a (39) 
oP A 
logio we 0-43 


The current induced in a matched load at the centre of a 
slot by a field £ is given in terms of the voltage induced across 
a matched load connected to the complementary dipole by 


2 
h==Ve (40) 
7 
9 
Similarly 7, = —V, (41) 
] 
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where the suffix “ s ” refers to the slot and “d” to the dipole. 
From (26) and (40) 
_ AE 
oT 
As in the case of a dipole a half wave slot may be represented 
as a transmission line of the form shown in Fig. 159. Its 
characteristic impedance Kk, is given by 
aie P 
K,Ka = 4 (43) 
where K 4 is the characteristic impedance of the complementary 
dipole. 


I, (42) 





e 
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Figure 159.—Transmission line equivalent of a half-wave resonant slot 
of characteristic impedance A, and radiation resistance F,.. 


a 
= 
4 


In the above, a rectangular slot only has been considered. 
Some alternative shapes are shown in Fig. 160 (a) and (b). 
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Figure 160.—Wide band slot radiators, (4) dumb-bell, (4) circular. 


Application of Slots. Slots may replace dipoles in most applica- 
tions, especially when polarisation perpendicular to that 
of a dipole is required. A particularly promising application 
which has not yet been exploited to any extent is to the design 
. Of aircraft aerials of negligible wind resistance. It should be 
possible to utilise the metal skin of the aircraft as the conduct- 
ing sheet and produce an acrial which does not project outside 
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the plane and at the same time does not take up any space 
inside the plane. Although the theory assumes an infinite 
conducting sheet, the departure from the above results is 
small even for sheets of the order of one wavelength square. 


Feeding of Slots. Slots may be fed by means of a transmission 
line connected to the centre of the slot in much the same manner 
as described for dipoles, except that, because of the higher 
impedance of the slots, the transforming devices will differ 
somewhat. One interesting feature, however, is that a slot 
presents a balanced load when fed at any point along its length. 
A graph of impedance against feed position for a typical slot 
is given in Fig. 161. Thus the slot can be used as its own 








—+x/é 


Figure 161.—Resistance of a resonant rectangular slot as a function of 
feed position. 


matching transformer, and almost any twin or coaxial line 
can be matched directly by feeding the slot at the appropriate 
point. The effect of an off-centre feed on the polar diagram 
would be of the second order, since to a first approximation 
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the voltage distribution along the slot would still be sinusoidal. 

Fig. 162 shows some typical arrangements. The simple case 
of a slot in a metal sheet fed at its centre by a twin line is 
illustrated in Fig. 162 (a). In order to suppress the radiation 
on one side of the slot it may be placed in a resonant cavity 


[Fig. 162 (b)]. The effect is to approximately double the slot 
impedance. 





(0) (b) 





(c) 


Concentr« cable 


Figure 162.—Various types of slot feeds. (c) and (¢) illustrate how slots 
may be excited by placing them in resonant cavities. 


Fig. 162 (c) shows how a resonant device such as a cavity 
may be used as a balance to unbalance transformer, the cavity 
being fed by a probe oriented so as to excite a wave with its 
E vector at right angles to the slot. Fig. 162 (d) illustrates 
two slots in a cavity excited by a single probe, This system 
has been used in a beacon to produce a split beam, the cavity 
being placed in a V reflector and the slots switched alternately 
by shorting their centres. 


Slots in Waveguides. Various slot arrangements in a aveguide 
are shown in Fig. 163, together with a schematic diagram of 
the current distribution in the guide walls for the TE,, mode. 
Since the slots are narrow, slots 4B and CD do not affect the 
current distribution and so do not radiate. Slot /F intercepts 
series current and so presents to the guide a series load, while 
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GH intercepts shunt currents and so presents a shunt load 
lumped at the centre of the slot. GH is a shunt slot with 
maximum coupling to the guide. This coupling may be 
reduced in either of the ways shown in Fig. 164. 





Figure 163.—Resonant slots in a waveguide, EF and GH aro series 
and shunt slots respectively, while AB and CD are non-radiating slots. 


The conductances presented to the guide by the slots of 
Fig. 164 (a) and (b) expressed as a ratio to the “ characteristic 
conductance ” of the guide are* 


g =k sin® (=) (44) 


and g = k sin®¢ (45) 
respectively, where 
Risse wa ) 
+ = 2-09 —.— cos? ( —— 46 
é Tie ( Ze (48) 


Zand /, are the free space and guide wavelengths respectively. 





Qo b 


Figure 164.—(a) and (b) show how the coupling of a shunt slot to a wave- 
guide may be varied by either displacing it towards the centre of the broad 
face of the guide or by suitably orienting it in the narrow face. 


If y = 1 and the guide is shorted one quarter wavelength from 
the end of the slot, all the energy supplied to the guide is 


+A. L. Cullen, ‘‘ The charactevistics of some slot radiators in rectangular 
waveguides,” Royal Aircraft. Establishment Technical Note RAD200, Janu- 
ary, 1945. 


§3] AERIALS 241 
radiated. The system can be represented by a transmission 
line of unit characteristic impedance shunted by a conductance 
g lumped at the centre of the slot. : 

A slot such as AB (Fig. 163) can be excited if the field in 
its neighbourhood is distorted by a probe, for example, with a 
part of its length parallel to the electric vector (Fig. 165). 
The coupling of the slot to the guide can be varied by rotating 
the probe. Slots may be coupled in a similar fashion to 
concentric lines of large diameter. 


eee 
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Figure 165.—Excitation of a symmetrically placed shunt slot through 
distortion of the electric field in a waveguide by means of a probe with 
a part of its length parallel to the field. 


4. Arrays and Dielectric Rod Aerials 
Linear Array With Uniform Amplitude Distribution 


Consider a linear array of n point sources at a distance / apart 
and with progressive phase difference « between each element 
(Fig. 166). The space factor of the array in a plane containing 


e 
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Figure 166.—Linear array of point sources with spacing / and phase 
difference « between successive elements. 


the array is, (see Schelkunoff.* pp. 342-54) 
2 NE 
sin 
ret (47) 
nsin— | 
»| 


S(O) 


5 2al 
where £ = —. cos # — z. 
2 
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The directions of the principal maxima are given by 
= A o 
cos 0, = (p+ =) (48) 
where p = 0, £1, + 2, 4 3y..-.:ceereeseeseeee ; 


The criterion that the array has one principal maximum only 
is that 


1<a(i-Z),0<a<a (49) 
27. 


If1 = A(1 — «/2z) then two principal maxima will occur, but 
as Lis descreased one will diminish in amplitude. The direction 
of the main lobe is then given by 
aa 
cos 6 = Onl (50) 
corresponding top = 0. By varying a, the beam can be made 
to “scan.” This principle is used in the “Musa” array. 

If it can be arranged that the space factor of the individual 
elements has a null in the direction of undesired maxima 
then larger spacings can be allowed. Directional diagrams 
of various arrays have been computed by numerous authors 
and a collection of such diagrams from various published papers 
is given by Brainerd and others.® For an array of other than 
point sources the space factor is found by multiplying (47) 
by the space factor of the individual elements. 

With amplitude and phase distributions other than those 
described above it may not be easy to find an explicit expression 
for S(6). However the radiation may be computed for a 
number of values of 6, either theoretically or by graphical 
vector addition of the radiation from the individual elements, 
enabling a graph of S(0) against 6 to be plotted. 


End-fire Array 

If we put « = 2zl/A, (e.g. by feeding the array from one end 
by a transmission line) then @ = 0, and the direction of maxi- 
mum radiation is along the line of the elements. Such a 
linear array is called an end-fire array. 


5 J. G. Brainerd, G. Koehler, H. J. Reich, L. F. Woodruff, Ultra High 
Frequency Techniques, Van Nostrand, New York, 1943, pp. 419-24. 
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243 
2 
sin Mint) (sin, 5) 


(51) 
n sin nsin (72 sine 2) sin? + 


For an end-fire array, with elements one quarter wavelength 


on sin (F sin? =) 
S(9) = S.(8) (52) 
n sin G sin? n sin (7 sine 2) 


where S,(@) is the space factor of the individual elements. The 
maximum element spacing of an end-fire array for a single 
principal lobe should not exceed 4/4. Equation (49) gives 
1 < A/2, but as / increases from 4/4 to 4/2, the radiation at 
6 = 180 degrees increases until it equals the forward radiation. 

The gain G relative to a single element of the array, is 
given by 


Equation (47) gives 





S(6) = 


Gen (53) 
for large values of x. 
A method of determining the gain of arrays with small 
numbers of elements is given by Terman.® 


Beam Width of End-fire Arrays. The zeros in the polar diagram 
are found from (51) to occur for 


0, ka A 
sin 3 lS Rereethe or Bey sataens (54) 


Thus if is large the width of the main lobe between zeros is 


2A < 

Ae 2 radians (55) 
nl 

A es 

& 70 ds degrees (56) 


where a = overall length of the array. 
The main disadvantage of the end-tire array is the difficulty 
of feeding a large number of elements spaced 4/+4 or less apart. 


°F. E, aes Radio Engineers’ Handbook, McGraw-Hill, New York, 
1943, p. 800. 
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Dielectric Rod Aerials 

The use of a dielectric rod as a leaky waveguide radiator is of 
relatively recent origin and, although it is not an array in the 
sense of an aggregate of elementary radiators, it may be 
considered as the limiting case of an end-fire array and so has 
been included in this section. 

If in (51) we let J tend to zero and keep a (i.e. nl) constant, 
we obtain a line distribution of uniform amplitude and with 
a progressive phase lag of 360 degrees per wavelength along 
the array. This gives 


(57) 


G.= + (a > A). (58) 


It is interesting to note that this is the same as that of a long 
end-fire array of point sources, 2/4 apart. 

The dielectric aerial provides a method of realising the 
required phase distribution, although in general it will not 
give a uniform amplitude distribution. It consists of a tapered 
dielectric waveguide (Fig. 167) propagating a transverse electric 
wave and adjusted so that the velocity of the wave is 
equal to the free space velocity by shaping the rod, balancing 
the dielectric retardation against the waveguide acceleration. 


Circular waveguide 


Dielectric 





———> Direction of propagation 


Figure 167. Dielectric rod radiator. 


Leakage from the rod, which may be fed from the wide end 
by matching it to a circular waveguide, causes it to act as an 
end-fire array. The power gain obtainable is slightly less 
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than that given by (58) owing to tapering of the amplitud 
of the leakage field. rey Pewee 
Broadside Linear Arrays 


If in (47) we put « = 0, then 6 = 90 degrees ie. the space 
factor has its maximum at right angles to the array. This 
array is known as a broadside array and its space factor is 


in CS 0) 
Ss — 
7 cos : 
SE (69) 
n sin Fa cos 0 


S(0) = 





The criterion that all secondary lobes are less than the main 
lobe is given by (49) to be 
bce 

As lis increased from 4/2 to 2 the radiation in the line of the 
array increases from zero to equal that of the main lobe. Thus 
_it is desirable to keep / equal to or less than 2/2 except when 
the individual elements have a null along the line of the array 
(e.g. the linear array of dipoles of Fig. 168) and in this case 
the maximum allowable separation is one wavelength. 


Ci —— 
Gel: 


Figure 168.—Collinear array of half wave dipoles. 





For a broadside array of n elements 4/2 apart 


na 
sin ( 5 cos 0) 


8(0) = —j——_s (60) 
» sin G cos 0) 
and @ = nr (61) 


for large n, where @ is the gain over a single element of the 
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array. For a continuous, in phase, line distribution of length a 


sin sin (cos 0) cos 0) ae 


= cos 6 


S(6) = 


G,= (63) 


Comparing this with (61), it is seen that a broadside array of 
elements 2/2 apart has the same gain as a continuous line 
distribution of the same length. 


Beam Width. For large n, the width of the main lobe between 
zeros is 


2 
A= 2 radians (64) 
nl 
120A 
+ — degrees (65) 


where a = overall length. The total beam width to half field 
points on the polar diagram is given approximately by 


7 
6= = degrees. (66) 


Rectangular Arrays 

The most general array is a three dimensional lattice of ele- 
ments, and the characteristics of such arrays may be deter- 
mined from the following rule. 


Array of Arrays Rule. An aerial array may be considered as 
a combination of elementary arrays forming an array of arrays. 
The directional characteristics of such an array is given by the 
directional characteristics of the elementary array multiplied 
by the directional characteristics of the combination of ele- 
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mentary arrays, each elementary array being replaced by a 
point source located at its centre. 


Consider a rectangular broadside array consisting of n 
columns and m rows of dipoles (Fig. 169). The space factor 


t, >| 1 columns 


t2 
- 


1 


Figure 169.—Plane rectangular array of half wave dipoles. 


in the horizontal plane (2 plane) is 


sin e cos 0) cos G cos 0) 


“eos 0 
n sin(7 cos 0) a 


where @ = 0 along the array. In the vertical plane (H plane) 


* Ee 6) 
sin ( —— cos 





S(0) = (67) 


2 Se (68) 
S(4) (7 , 
n sin ( —— cos ¢ 
A 
where ¢ = 0 along the array. If 1, = /, = 4/2 we obtain 
G+=p (69) 
where p = nm = number of radiators and @ gain over a 


single radiator. 


Plane Reflector 

If radiation from a broadside array is desired on one side 
only, a plane reflector can be placed behind the array. This 
has the effect of doubling the gain and giving a correspondingly 
narrower beam. The space factor of such an array is found by 
replacing the reflector by the image in it of the array, the image 
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being 180 degrees out of phase with the array. The spacing 
of the elements from the reflector is not critical, but for very 
close spacing the impedance of the elements will be very low. 
In order to satisfy (49) the spacing should be 2/4 or less. 

In Fig. 170 is plotted the radiation resistance of a 4/2 
dipole situated at a distance d from and parallel to an infinite 
reflecting sheet together with the directivity, D, of the system 


conducting sheet 
O = Directivity 






Ve dipole 
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Figure 170.—Radiation resistance and directivity of a half-way dipole 
at a distance d from, and parallel to, an infinite conducting sheet. 


relative to that of an isolated dipole. The curve for gain 
is substantially the same as that for directivity except at small 
spacings, when it becomes less due to ohmic resistance. The 
equation to the directivity curve is 


jaaNe 
Te is ( sin =) (70) 


where Ry = 73:30 = radiation resistance of an isolated 
dipole, and R = radiation resistance of the dipole and reflector. 
If R equals the sum of the sum of the ohmic and radiation re- 
sistances presented at the dipole terminals, (70) gives the gain 
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of the system relative to a 4/2 dipole and in this ease when 


d — 0, — remains finite. Thus the gain falls rapidly to 


zero. 


The gain of a large rectangular array of » dipoles in front 
of a reflector is 
G, = 2n x 1-64 
= 3-28n 
where 1-64 = spherical gain of a dipole. Thearea of such an 
array when 7 is large is approximately 
ni? 


A =— 
4 


ees he 9 OOK A y, 
giving: Go, = ——,— + (71) 
re 
It will be seen in section 5 that the gain of an aerial consisting 
of an aperture over which there is a uniform phase and ampli- 
tude distribution is 
taA - 
G,= ; (72) 


59 


72 
This agrees well with (71) indicating that such an array approxi- 
mates to a uniform field distribution over an aperture. 
Equations (71) and (72) show that in order to obtain a high 
gain a large area is required. It is possible, however, to 
obtain a higher gain for a given area than that given above for 
arrays of a small number of elements. by using small clement 
spacing. This causes large mutual impedances and higher 
gain. For large arrays, mutual impedance effects tend to 
cancel and the expressions given above are valid. 


Tapered Arrays 

The long broadside linear array described above has side 
lobes of amplitude about 20 per cent of the main lobe. These 
may be reduced by tapering the amplitude of the current in 
the radiators from the centre to the edge of the array. This 
reduction is obtained at the expense of a wider main lobe and 
reduced gain. 

R.—9. 
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Feeding of Broadside Arrays 

The simplest method of feeding broadside arrays is by spacing 
the elements along a transmission line or waveguide. A 
typical case is illustrated in Fig. 171. Each alternate dipole 
is reversed to compensate for the 180 degrees change in phase 
along a //2 length of line. This is a resonant feed, since 
standing waves will exist on the feed line. An alternative to 
reversing the dipoles is to transpose the line between dipoles. 


If the dipoles are spaced, say, every 200 degrees along the 
line instead of 180 degrees, the reflections back along the line 
from each element tend to cancel and the standing waves on 


I 


-—»|9 


Figure 171.—Resonant-fed array of parallel half wave dipoles. 


the line are reduced. The array is fed from one end, each 
element extracting a small fraction of the power, and the 
residue (generally about 10 per cent) is absorbed by a matched 
load at the other end. However since each element has to 
extract a progressively greater percentage of the power in 
order to maintain a given excitation, they must present a 
progressively smaller impedance to the line. This is generally 
difficult to arrange. Also the presence of the elements modifies 
the phase along the line and so the phase difference between 
the elements will vary from the desired amount. This effect 
however is usually small. A slight disadvantage is that if 
the elements are spaced every 200 degrees along the line (the 
line being transposed between radiators) there is a progressive 
phase difference of 20 degrees between radiators which will 
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deflect the beam through an angle y from the normal to the 
array. This is found from (50) to be 





. An 3 
y = Onl radians. (73) 
In the above example « = = 
5 
l= - 
3 a 


giving y = 6 degrees. 


Any deviation from the operating frequency will cause « to 
change, and thus deflect the beam. This effect may be serious 
for long arrays having narrow beams. 


Sfesjese 


(a) 





(b) 


Figure 172.— Waveguide-fed arrays of (a) half wave dipoles and (6) half 
wave shunt slots. 


Non-resonant feeds are more easily obtainable with wave- 
guides,? two typical examples being given in Fig. 172, which 
shows a waveguide array of probe coupled dipoles, alter- 
nate dipoles being reversed to compensate for the phase change 
along the guide and a similar array of slots, phase compensation 

7A, L. Cullen, ‘‘ The design of a waveguide fed array of slots to give a 


specified polar diagram,” Royal Aircraft Establishment, Technical Note 
RAD267, January, 1945. 
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being obtained by placing alternate slots on opposite sides 
of the centre line. Coupling is varied by adjusting the distance 
of the slot from the centre line [see equation (44)]. Slots 
may be excited by any of the methods described previously. 


For non-resonant feeds the elements could be spaced, say, 
200 degrees (in the guide) and the array terminated in a 
matched load. In this case, again, the beam will be deflected 
from the normal to the array. Because of the ease of varying 
the coupling of individual radiators, a non-resonant array is 
more easily obtainable in waveguide than conventional trans- 
mission line. A method of calculating the required element 
impedances is given in a report by Kaiser.’ 

If in Fig. 172. 7 = 4,/2, (where 2, = guide wavelength), 
and the guide is shorted 2/4 beyond the centre of the end 
radiator, a resonant system analogous to that of Fig. 171 is 
obtained, the only difference being that the element spacing 
is greater than one half wavelength in free space. 





To TR Seiten 

Figure 173. —Thirty-two element array of half-wave end-fed dipoles used 

with radar-set. type LW AW. Mk.L showing the feeder system which 
uses 330 ohm twin transmission line throughout. 


An example of the feeding of a typical rectangular array is 
given in Fig. 173. This array was used with the Australian 
ST. R. Kaiser, ** The design of a waveguide fed slot array to produce a 


cose? @ polar diagram,” C.S.I.R. Radiophysics Laboratory, Report TI 223, 
January, 1946. 
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LW/AW Mk.I Radar set. The array consists of 8 banks each of 
four 4/2 dipoles backed by a wire mesh reflector. The dipoles 
are end fed as shown, the impedance at the feed point being 
1320 ohms. Twin wire transmission line with Z, = 330 ohms 
is used throughout. 


Since the elements are spaced at 2/2 intervals along the 
line the input impedance to each of the banks 4, B,C, Dis 
330 ohms. Banks A and B are connected by a twin line of 
length A, so that the impedance at its centre is 165 ohms. 
This is transformed to 660 ohms by a 4/4 length of line and 
connected to the corresponding feed point of banks C and D 
by a line 2A in length. This line is fed at its centre where the 
impedance is 330 ohms, so that it matches to the line from the 
transmitter. 


The gain of this array is given by 
G, = 64 
(ie. twice the number of elements). The horizontal and 
vertical beam widths are found from (65) and (66) to be 


Ay = 30 degrees Og = 18 degrees 
Ay = 60 degrees Op = 36 degrees. 


The feed to each individual bank of this aerial is resonant, since 
there are standing waves on the feeders. 


Bandwidth of Arrays 

The bandwidth of an array is difficult to estimate, due to 
mutual effects between elements, selectivity of feeders ete. 
As an example the bandwidth of a resonant array of 10 elements 
may be of the order of | per cent. The bandwidth of a long 
non-resonant array is always greater than that of a resonant 
array of the same length, since the selectivity of the feeding 
system is not as great. 


Impedance of Array Elements 

The input impedance of a dipole in either an end-fire or broad- 
side array is moditied by the close proximity of other resonant 
dipoles. It may be calculated from a knowledge of the self 
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impedance of the element and the mutual impedances between 
it and all other elements. Tables of mutual impedances of 
4/2 dipoles for various spacings and displacements are given 
by Terman,® (p. 779) and a more extensive table by Tele- 
communications Research Establishment.® If the number 
of elements is large, mutual effects tend to cancel and may be 
neglected, 


Arrays of Dielectric Rods 


The gain of a rectangular array of elements backed by a 
reflector is seen by (72) to be proportional to the area of the 
array. A somewhat higher gain may be obtained if each 
element of the array is itself an end-fire array. This implies 
that the absorption cross section of the array is greater than 
the actual area. The increase is greatest for small arrays. 
An example of this type is a broadside array of dielectric rods. 
Such a system has been developed by Bell Telephone Labora.- 
tories. 


Yagi Arrays 

The Yagi is a particular type of end-fire array consisting of a 
single fed element and a number of parasite elements. Cur- 
rents are induced in the latter and the element spacings and 
parasitic impedances are arranged so that these currents 
produce fields which reinforce along the array. 

If a parasitic element causes maximum radiation along the 
line from the driven element to the parasitic it is termed a 
director, and if in the opposite direction, a reflector. A 
dipole of length slightly less than the resonant length (i.e. with 
a capacitive impedance) behaves as a director, while if it is 
slightly greater (inductive) it behaves as a reflector. The 
optimum values of the lengths of such elements depend on the 
spacing. the length being adjusted so that the reactive com- 
ponent of the impedance causes the parasitic current to lag 
or lead the current in the fed element by the desired amount. 

* Telecommunications Research Establishment Mathematics Group, 


“Mutual impedance of half wave aerials,” Telecommunications Research 
Establishment, Report M3, January, 1941. 
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It is desirable to have the elements closely spaced in order 
to get high currents in the parasitics. The limit is set by 
selectivity and ohmic losses. Usually a spacing between O-1a 
and 0-252 is used, and a compromise is made between physical 
size, gain, and impedance. Owing to the close proximity 
of the parasitic elements, the impedance of the driven element 
may be as low as 20 ohms. This may present feed difficulties 
which can, however, be overcome by using a folded dipole'® 
as the driven element. 


It is possible to obtain gain figures higher than expected 
from (58) for Yagi arrays having a small number of closely 
spaced radiators, owing to the lowering of the radiation re- 
sistance by mutual effects between the elements. 


Since the current in each parasitic element depends on its 
mutual coupling to the other elements, calculation is difficult 
and the design of a Yagi is best performed experimentally. 


5. Continuous Surface Radiators 


This type of aerial has been defined earlier in the text. The 
polar diagram may be calculated if the current distribution 
over the surface is known, or, if the aerial has a plane aperture 
(e.g. a paraboloid or horn), from the field distribution across 
the aperture. 


Characteristics of a Plane Aperture A, Having a Given Iumin- 
ation" 
Assuming that edge effects may be neglected, the polar dia- 
gram may be calculated by applying the Kirchoff-Huygens’ 
principle to the field across the aperture. The errors involved 
in the assumption of a discontinuity at the edge of the aperture 
are discussed by Stratton and Chu?! and a more exact method 
10D, S. Carter, ** Simple Television Antennas,” R.C.A. Review, Vol. 4, 
October, 1939, pp- 168-85. 
uj. P. Ryan, “* Design data relating directional diagram to aperture 
illumination of pencil and fun beam aerials,” C.S.1L.R. Radiophysics Labora- 
tory, Report RP 241, February, 1945. 


12J. A. Stratton and L. J. Chu, ‘ Diffraction theory of electromagnetic 
waves,” Physical Review, Vol. 56, 1939, p. 99. 
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of solving the diffraction problem is advanced. However, 
if the aperture is large with respect to the wavelength, the 
simple application of Huygens’ principle gives results which 
agree closely with experiment. 


e= 2-xzxop x 





= 4% ~-zyop 


Note:- @ and Y are not spherical 
polors. but are used to 
Preserve symmetry 


t 


Figure 174.—Coordinate system for specifying the space factors (8, ¢) 

of an illuminated plane aperture in an opaque sheet situated in the 

XOY plane. The direction (8, $) is that of the vector OP which has 
direction cosines sin @ and sin ¢ relative to the X and Y axes. 


The space factor for a plane aperture A (Fig. 174) may be 
shown to be 


j aa (xsin 8 + ysin ¢$) 
S08) =|fFeye* dA (74) 
wl 


g(x,y) 5 of Sneek 08 
where F(x,y) = f(x,y)e 2" defines the aperture distribution 
in both amplitude and phase. The integral of (74) gives the 
amplitude and phase in the diffracted field and its amplitude 
gives S(0,4). The space factor of (74) does not quite satisfy 
the definition of section 1 in that its maximum value, in general, 
is not unity. If the aerial produces a sufficiently narrow 
beam (i.e. if A is large) then we may write 

sin 0 = @ 

sind = ¢ 
and (74) becomes 

J a (<8 + yd) 
S(9,4) == f F(ry)e > dAl. (75) 
|A 


§5] AERIALS 257 


This assumption is justified for most microwave acrials. The 
form of (75) is in general more easily evaluated than (74). 


The simplest aperture distribution is one which is uniform 


in amplitude and phase, i.e. F(x.y) = 1. The spherical gain 

of such a system will be denoted by G,, and it is given by 
tad 

Goo = ze (76) 


(where A is the aperture area), since for such an aerial, the 
absorption cross section equals the actual cross section 
(see page 224). 


In the general case, when the direction of maximum radiation 


is along the normal to the aperture, it is clear that 
4 $2(0,0) 
© FT Py [dd 
A 


since the numerator is proportional to the intensity along the 
normal and the denominator to the total power flowing through 
the aperture. If we put 0 = ¢ = 0 in (74) and substitute we 
obtain 
gf Fewsat (77) 
~ f | Foxy) Pda 


The constant of proportionality may be found by putting 
F(x.y) equal to unity and substituting from (76) giving 


4a \f F(x.y) dA je 


G, =- (78) 
: 2 ti F(x.y) |? dA 
We may write 
G, y Aso 
where 
1 | f Fey) da FF (79) 


te = A I | Fry) | dA 


and is known as the gain factor of the aerial. The factor y is 
always less than unity, tho case of uniform illumination being 
the optimum condition. 
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Rectangular Aperture 

Consider a rectangular aperture of dimensions a and 6 in the 
x and y directions respectively, illuminated so that the aperture 
distribution may be expressed by 

















F(x,y) = Fy(x) . Poly). (80) 
This gives 
; 2a ‘ 29 
a/2 ; om no b/2 72 ving 
son—=| fFice 7" del! f Five”? = a) (81) 
nt —b/2 
= S(@) x S(¢), 
where 
oj Fain 
S(0) =| {Fixe A dx (82) 
—a/2 
and 
b/2 yaa 
sis) =| J Fig? >" Fay (83) 
—b/2 








are the one dimensional space factors in the planes $ = 0 and 
6 = 0 respectively. Thus we need only consider the one 
dimensional polar diagrams. 


Similarly we may write 


YS Paya (84) 
where y, and y, are the vertical and horizontal one dimensional 
gain factors respectively. 

a/2 2 

J File)dx 

—a/2 

Va a2 
a f 


—a/2 








J (85) 
dx 





F (x) 





Graphs of S(0) and gain factors for a number of distributions 
F(x) are given by Ryan." 
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The polar diagram is determined completely in amplitude 
and phase by 


a/2 soe ind 
° ae — 2x si 
(oye) =f B(x? A de. (86) 
—a/2 
This may be written 
2a 
: je 
S(A)e 29) = f F(xe 4 "dt (87) 
—@ 


since F(x) = 0 fora/2 < x < —a/2 and for sufficiently large 
apertures, as @ increases S(4) rapidly becomes zero, thus we 
may replace sin 6 by 0. 


If in (86) we write 
2 





= sin 0 =y 
and : be 
S(o)e 29) = V2x Ty), 
we have 
T(p) = = i F(aje #¥ dv. 
21 -* 


An equivalent statement is that 7T(y) is the Fourier transform 
(Stratton!? pp. 285-9) of F(x) and so correspondingly, 


1 





Fe) = = LT Bove? ay 
am ; i s(oyei*'®e ae cos 6d9. 
—% 
Therefore 
F(x) = j a sine do (88) 


from which the aperture distribution corresponding to a given 
polar diagram may be determined (see section 6). 
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Uniformly Illuminated Rectangular Aperture 
From (86) we obtain for the space factor in the plane ¢ = 0 


(Fig. 174) 
2 ma. 
sin (F sin 0) 
ae 


= sin 6 


S(0) = (89) 


| 


. 7a0 
sin —— 


A 
ao 


A 
which is the same as that for the continuous, in-phase, linear 
array of p. 246. 
From equation (76) 





4zrab 


G, = 
s 2° 


where a and 6 are the sides of the aperture. 
Equation (89) gives the beam widths in the plane ¢ = 0 to be 


A Gn 
4= 120-- degrees between the first two minima, 


A 
6 pe, degrees to the half field points, 


amplitude of first side lobe = 21 per cent. 

The important results are that gain is proportional to area 
and that beam width is inversely proportional to linear dimen- 
sions, 


Circular Aperture With Uniform Illumination 


It may be shown that 
ma 
J,( —sin 0) 
FG 1 


Aa . 
— sin A 
Zz 


S(O) = (90) 





‘a 
Also G, = 72 from equation (76). 
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The beam widths are 
A 


“ll. 


A 
140- degrees 


A 
C= 85 degrees 


and the amplitude of the first side lobe = 13 per cent, where 
a is the diameter of the aperture. 


: x : oe TU 
In Fig. 175, S(8) is plotted against sin 6 for a rect- 
angular and a circular aperture with uniform illumination and 
: : . . Aa 
for a rectangular aperture with illumination f(x) = cos - 


which is more nearly the form realised in practice. This 
distribution has a gain factor of 0-811. It is seen that the 


ts 

















Figure 175.— Polar diagrams corresponding to siinple aperture distri- 

butions for rectangular and circular apertures. 
circular aperture gives a wider beam and smaller side lobes 
than the rectangular aperture, as also does the cos (2. @) 
distribution. However. in the latter case. there is also a loss 
in gain for a given aperture area. The curves for the rect- 
angular aperture apply also to large rectangular broadside 
arrays. 
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The case of a circular aperture having a circularly symmet- 
rical amplitude distribution given by 


where r is distance from the centre of the aperture, is evaluated 
by Ryan?! for 0 <t < 2. 


Parabolic Reflectors 


The use of a parabolic reflector to obtain an equiphase dis- 
tribution across a plane aperture is very common. Such 
reflectors may be either paraboloids of revolution with circular 
apertures or parabolic cylinders with rectangular apertures. 
The former may be cut so that the projected aperture is rect- 
angular in shape. The source of excitation or feed in the case 
of the paraboloid must be an effective point source and in the 
case of a parabolic cylinder it must act as an effective line 
source. 

If the field distribution in the aperture of the parabolic 
reflector is known by calculation or measurement, the radiation 
characteristics may be calculated by the principles and results 
discussed in the previous sections. 


Paraboloids. For the theoretical behaviour of paraboloids 
with various feeds the reader is referred to the papers listed 
below.!% 

The condition of uniform phase across the aperture of a 
paraboloid is automatically obtained by using a small (effec- 
tively point) source at its focus ; however, a uniform amplitude 
distribution is never obtained owing to the peculiar polar 
diagram which would be required from the source. If the 
focus were in the plane of the aperture, four times more energy 
would have to be directed at the edge than at the centre. 

13 R, Darbord, ‘ Reflecteurs et lignes de transmission pour ondes ultra- 
courtes,’ L’ Onde Electrique, Vol. 11, 1932, pp. 53-82 (see also Jour. de Phys. 
et Radium, Vol. 3, 1932, p. 105); R. C. Spencer, ‘* Paraboloid diffraction 
patterns from the standpoint of physical optics,”” Massachusetts Institute 
of Technology Radiation Laboratory, Report T-7, October, 1942 ; 
F. R. N. Nabarro, ‘‘ Theoretical work on the paraboloid mirror,” British 
Ministry of Supply. Report RDF 103, November, 1941; and W. S. McAfee, 


“A note concerning Nabarro’s work on the paraboloid,” Camp Evans Signal 
Laboratory, Report T-9, May, 1943. 
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Feeds for Paraboloids. The conditions which the paraboloid 
feed must satisfy are: (a) it must act sensibly as a point 


source, and (b) it must not obstruct a large portion of the 
aperture. 


Location of Feed. The effective phase centre of the feed 
must be located at the focus. The position for most feeds 
must be found experimentally since the exact phase centre 
will not be known. Once the aperture has been fixed the 
choice of focal length depends on the directivity of the feed. 





Figure 176.—Polar diagram of a paraboloid feed. Beam width is ad- 
justed so that the main lobe just fills the dish. 


A general rule is that the main lobe of the primary pattern 
should just fill the reflector (Fig. 176). The side lobes should 
fall outside the reflector since, in general, they will be opposite 
in phase to the main lobe. If the feed has a” back lobe” 
in phase with the forward lobe, the focal length should be 
made an odd number of quarter wavelengths in order that it 
should reinforce the reflected radiation, and for a back lobe 
180 degrees out of phase with the forward lobe, f should be 
an integral number of half wavelengths. This is important 
for feeds such as dipoles which have a large amount of back 
radiation, but not for feeds such as horns ete. If it is desired 
to keep f small, then the feed diagram must be broad. 

The amplitude distribution across the aperture may be 
determined approximately from the feed diagram, which 
should be measured at about a distance f from the source. 
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The effect of the tapered distribution is to lower the gain, 
at the same time widening the beam and reducing side lobes. 
By using a suitable aperture distribution side lobes may be 
entirely eliminated at the expense of a broader beam. Fig. 177 


—» 9 (0) 





Figure 177.—IIlustrates how a suitably tapered aperturo illununation 
produces a diagram with no side lobes. 


illustrates such a case, where the distribution is given by 


F(x) 1 — sin |— 
a 
is given also for comparison. 

The simplest feed is a single dipole and it is shown theoretic- 
ally by Darbord!? that the optimum dish is one with its focus 


The diagram corresponding to F(x) = 1 








_ A choke 
4 


SSS [+ pose dipole or 


disc reflector 
concentric cable ~ 


Figure 178.—Paraboloid with dipole feed. 


in the aperture plane. However, owing to the small degree 
of illumination at the edges, it may be economical to have the 
focus a short distance in front. The gain factor of such a 
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system is less than 0-5 since only one half of the dipole radiation 
falls on the reflector. It may be improved by using a parasitic 
dipole or a metallic plane or cylindrical reflector behind it 
(Fig. 178). 

Typical feeds are shown in Figs. 179 and 180. Other 
possible feeds are, slots, small arrays of dipoles or slots, di- 






woveguide 


nocrow dimension ic tongue 


parasitic dipole or 
disc reflector 


Figure 179.—This dipole feed differs from that of Fig. 178 in that the 
dipole is excited from a waveguide. 


y wovequide 


Figure 180,—Paraboloid with a horn or open waveguide feed. 


electric rods ete. A paraboloid with good illumination has 
a gain factor of the order of 0-7. 


Parabolic Cylinders 

A parabolic cylinder fed by an * in phase ” line source will 
produce a constant phase distribution across its aperture 
(Fig. 181). The line source may consist of a linear array of 
dipoles, slots, or dielectric rods, or alternatively of the cheese 
or pill box aerials described below. The design of the trans- 
verse section of the cylindrical parabola as far as illumination, 
focal length, ete. are concerned depends on the same considera- 
tions as for the paraboloid of revolution, but the problem in 
this case is one-dimensional. 
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The ends of the parabolic cylinder may be closed by parallel 
plates without materially affecting the performance if the 
electric vector is parallel to the axis of cylinder. If however 
the electric vector is parallel to the end plates, waveguide 
propagation may take place within the cylinder and allowance 
may have to be made for this, especially in short cylinders. 


line source 


Figure 181.—Parabolic cylinder fed by a line source. 


Cheese Aerial 

This is the name given to a parabolic cylinder closed 
at its ends by parallel plates and fed with the electric vector 
parallel to the plates. Fig. 182 shows a cheese fed by @ 
sectoral horn (see p. 271) excited in the 7H. mode. 


ad 


h 


ae 


Waveguide 
Figure 182.—Cheese aerial with a horn feed. 


Unless the cheese is sufficiently narrow many modes of 
propagation may occur within it; however, by using a horn 
feed of aperture equal to the cheese height, the lowest TE 
mode only is propagated and the amplitude distribution across 
the short dimension of the aperture follows a cosine law corres- 
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ponding to this mode. If the width of the horn is made 
approximately 2/3 of the height of the cheese and placed 
symmetrically, the primary pattern across the cheese mouth is 
that of Fig. 183 (a). This may be subjected to a Fourier 


parmpiitude Amplitude 





(a) (b) 


Figure 183.—(a) Primary illumination across the small dimension of the 
cheese aperture. (b) Approximate analysis of this primary illumination 
into two Fourier components. 


analysis and effectively resolved into a “ first harmonic ” 
and a “third harmonic” curve, plus higher harmonies of 
smaller amplitudes [Fig. 183 (b)]. Thus, substantially two 
modes of propagation will occur within the cheese. 

If now the focal length is adjusted so that after reflection 
at the parabola the two modes arrive in the plane of the open- 
ing with opposite phase, the amplitude distribution across the 
aperture will be that of Fig. 184, This distribution, apart 


|} Amplituse 





Figure 184.—Secondary illumination at the cheese aperture after reflection 
in the cheese. 
from the dip in the centre is approximately uniform, and in 
actual practice the dip is not very pronounced, probably owing 
to the presence of higher modes. 
Satisfactory illumination across the long dimension of 
the aperture is obtained since it is fed by a wave diffracted 
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at the narrow dimension of the horn, which causes a very wide 
beam having its phase centre almost in the aperture. This 
distribution will of course be tapered. The effective phase 
centre for illumination of the narrow dimension of the cheese 
is near the apex of the horn. If the height of the cheese is 
small, it may be fed by an open ended waveguide. 


Pill Box Agrial'* 


If a parabolic cylinder closed at both ends is fed by a wave 
having its electric field parallel to the cylinder, only one wave, 
the TEM, can be propagated, and the phase velocity between 
the plates equals the free space velocity. A typical pill box 
with waveguide feed is shown in Fig. 185. The distribution 
across the narrow dimension in this case is constant. 


wavequidé 
£ 


Figure 185.—Pill-box aerial with waveguide feed. 


Both the pill box and the narrow cheese provide a good 
approximation to a line source with phase centre just inside 
the aperture, producing a very narrow beam in their own plane 
and a wide beam in the plane at right angles. 


Bandwidth of Reflector Type Aerials 

Since the feed can be made with a relatively large bandwidth. 
the bandwidth of a reflector type aerial is considerably greater 
than that of an array. It is however slightly less than the 
bandwidth of the feed since some of the reflected energy 
is picked up by the feed and causes standing waves on 
the feeder. This standing wave can be eliminated at one 
frequency by a matching adjustment on the feeder, but will be 
present for other frequencies owing to the change in phase of 


MW. D. Lewis, ‘* Parabolic cylinders in microwave antenna systems,” 
Bell Telephone Laboratories, Report MM-43-170-15, August, 1942. 
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the reflected radiation reaching the feed, with frequency. 

The bandwidth of a reflector type aerial is less for small 
paraboloids owing to the smaller focal length. 


Lens Aerials 


Dielectric Lenses.!® As in the case of a paraboloid, the lens 
is a development from geometrical optics. It may be a solid 
of revolution or cylindrical, and in the latter case may be 
enclosed between parallel plates and fed by a horn in a similar 
fashion to the cheese and pill box. The lens contours are not 
spherical as is usual in optics, but are designed to give freedom 
from spherical aberration for a point source at the focus. 


F fp 
1 


Figure 186.—Simple dielectric lenses used to produce a constant phase 
distribution across an aperture from a point source. 


The lens must be designed so that a point source at the 
focus gives parallel emergent rays, i.e. constant phase over the 
aperture (Fig. 186). For a constant phase illumination, the 
electrical path lengths to the aperture may differ by an integral 
number of wavelengths. Thus the lens may be ‘ stepped,” 


~ = 


Figure 187.— Stepped dielectric lonses. 


each step corresponding to one wavelength change in path 
length. Two typical stepped lenses are shown in Fig. 187. 
Tf the lens aperture is large it may be necessary to step the 
lens for each two or more wavelengths’ change in path length. 


18 A.M. Skellet, ‘‘ Plexiglass lens antenna for microwaves,” Bell Telephone 
Laboratories, Report MM-43-170-15, September, 1943. 
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In general, the feed conditions are similar to those for a para- 
boloid but, because of the difficulties of illuminating stepped 
lenses at large angles, the feed in this case needs to be some- 
what more directional than for a paraboloid. 

Advantages of the lens over the paraboloid are: (a) the 
feed does not obstruct the aperture ; (b) there is little energy 
reflected back to the feed. Thus the bandwidth of a lens 
aerial is effectively determined by that of the feed and by 
the chromatic aberration of the lens. Chromatic aberration 
is in general negligible for a simple lens but may be serious 
in the case of a large stepped lens. Reflections from lens 
surfaces may be eliminated by a 4/4 thickness of dielectric 
whose refractive index is the geometric mean of that of air 
and the lens material. The gain factor of a lens aerial is of 
the same order as that of a paraboloid of the same size with 
similar illumination. 


Metal Plate Lenses.2* A medium consisting of parallel metal 
plates with spacing of the order of waveguide dimensions 
behaves as a dielectric of refractive index less than unity to 
a wave polarised with its electric vector parallel to the plates. 

If the plates have spacing b, then the phase velocity between 
the plates for the lowest 7’ mode is given by 


es (91) 


J 7 
fee 
4b? 
where 4 is the free space wavelength and c is the free space 
velocity and so the refractive index is 


2 
= pate (92) 
n Ji iP 


It is possible to give n any value between zero and unity ; 
however for small values of 2 the system becomes extremely 


16S. J. Mason, ** Metal plate lens formulas,” Massachusetts Institute 
of Technology Radiation Laboratory, Report 54—5/1/45, May, 1945; 
W. FE. Kock, ** Experiments with metal plate lenses at microwaves,” Bell Tele- 
phone Laboratories, Report MM-44-160-67, March, 1944 ; and W. E. Kock, 
‘“ Metal plate lens design considerations,” Bell Telephone Laboratories, Report 
MM-44-160-195, August, 1944. 
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frequency selective. Since » < 1, a concave metal plate lens 
is equivalent to a convex dielectric lens. It has been shown 
that the plates may be replaced by suitably spaced wires 
without effectively changing the characteristics.1?7 Lenses 
may be employed to straighten wave fronts at the aperture 
of other types of aerials (e.g. horns). Because of the depen- 
dence of n on A, metal plate lenses suffer greater chromatic 
aberration than dielectric lenses. 


Electromagnetic Horns'® 


The polar diagram from an open ended waveguide is in general 
very broad owing to the small dimensions of the aperture. 
The diagram may be improved by increasing these dimensions, 
but it becomes increasingly difficult to suppress unwanted 
modes in the guide, the presence of which may cause the pattern 
to deteriorate. 


This objection may be overcome by using a waveguide of 
normal dimensions and flaring it out in either the 2 or H plane 
to the desired aperture. Because of the uniform change of 
section unwanted modes will not be excited, except at the 
beginning of the flare, where the dimensions are such that they 
will be attenuated. Such a device is known as a sectoral horn, 
and the lowest modes which may be propagated are the TE yo 
and the 7'E,, [Fig. 188 (a) and (b)]. Because of the flare, the 
wave propagated in the horn will not be plane, but will diverge ; 
thus the phase distribution across the aperture will not be 
constant. This is analogous to the optical case of Fresnel 
diffraction at an aperture. 


For both the TE,, and the 7'’Eo, horn there will be an 
optimum radial length r, for a given aperture. This may be 
seen qualitatively as follows. If 7p is kept constant and the 
aperture increased, the gain will increase owing to the increase 
in aperture. However as the beam cannot be narrower than 

WW. E. Kock, ‘' Wire lens antennas,” Bell Telephone Laboratories, Report 
MM-44-160-100, April, 1944. 


18 See Schelkunoff,? pp. 360-5, and L. J. Chu and W. L. Barrow, ** Electro- 
magnetic horn design,” Electrical Enyincering, Vol. 58, July, 1838, pp. 





272 A TEXTBOOK OF RADAR (Ch. VIII 


the horn angle, at some point the gain will commence to 
decrease. In the case of the T7/,, wave this occurs when the 
phase difference between the fields at the edge and centre of 
the aperture is 90 degrees. 


(0) TE yo Sectoral horn 





(b) TE; Sectoral horn 
(e) TE,, Conicol horn 
—— Electric lines 
——— Magnetic lines 
Figure 188.—Field configurations in sectoral, conical, and biconical 
electromagnetic horns. 
Sectoral Horn Excited by the TE,, Mode [Fig. 188 (b)]. The 
assumption that the aperture distribution is the same as that 
which would exist at that point in an infinite horn of the same 
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flare angle leads to the following expression (Schelkunoff? 


pp. 360-5) for the field distribution across the broad dimension 
of the horn, 


aFeiee 
F(x) =e ATe 


Substituting this in equation (85) gives the corresponding gain 











factor, 

2dr. a a 

n= Bol) ae( 2) a 

a’ V2aAry V2adry 
where a = horn aperture in the broad dimension, C(x) and 
S(xv) are the Fresnel integrals 

~ al® 
ie. C(x) =f cos ra dt 


o 
x 2 
ne atl? 
S(x) = f sin —> dt. 
s 2 
For a horn of given depth, the gain is proportional to aya, 


and the optimum condition may be found by maximising @yq 
with respect to a, keeping 7) constant. This gives 


a = V2ir, (9-4) 
ie, the optimum radial length for a given aperture a is 
ont 
r= O25 : 


Substituting 7, the distance from the apex to the centre 
of the aperture. in (9+) gives 
ry — 1 = 0-251 
i.e. the phase difference between the fields at the edge and 
centre of the aperture is 90 degrees for an optimum horn. 
Substituting (94) in (93), the gain factor of the optimum 
horn is found to be 
Ya — O80. 
The field distribution across the narrow dimension is uniform 
in phase, and follows a cosine law in amplitude giving 
Yo = O-S1 
where y, is the one dimensional gain factor in the narrow 
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dimension of the aperture. The overall factor y of such a horn 
is given by 

Y = VaYn = 0°65. 
Thus the gain of an optimum T7'E), horn is 


= 32. (95) 


Sectoral Horn Excited by the TE,, Mode [Fig. 188 (a)]. A 
similar treatment to that of the 7'Z,, horn gives 


F(z) 5 Opes 7X 
a 
and 
Ary 
2 


Ya = —y {[C(u) — Clr)? + [S(u) — S(v)}} (96) 


a 
«5 V iro a 
6a +7) 


$223s Yes of), 
74 Gar V Aro 


Maximising ay, with respect to a gives the optimum rela- 

tion between radial length and aperture : 
a = 1-78V Arg, (97) 
a? 
z 
and r, —/ = 0-42. 

Substituting (97) in (96) we obtain y, = 0°63 for the optimum 
horn. The field distribution across the narrow dimension 
of the aperture is uniform in both phase and amplitude, giving 
yy = land y = yay, = 0-63. Thus the gain of such a horn is 
given by 


where 





i.e. 7) = 0°32 


GC) = T2—: (98) 


It will be seen that for a given area of aperture, both types 
of sectoral horn have approximately equal gain when the 


§5] AERIALS 275 
dimensions are optimum ; however the radial length of the 
TE, horn will be less than that of the TE,,. 

In Fig. 189 y, is plotted against a/Vr A for TE, and TE,, 
horns, together with graphs of @,(A/r,)* for horns of one 


wavelength depth (6 = A). For other horns, G, should be 
multiplied by 6/4. 


) ain of a gectorol [horn of depth A. 
\ One dimentional goin factor in 
broad dimension }of the horn. 









Yo 


Figure 189.—Gain and gain factor of sectoral horns as a function of horn 
dimensions. The curves for gain factor apply also to biconical horns. 
Pyramidal Horn. If the horn is flared in both the E and 
H planes, the gain factor in the dimension parallel to the 
E vector is given by (93) and in the dimension parallel to the 
H vector by (96). If the flare in one plane is slight it may be 
treated as a sectoral horn of the same aperture. For an 
optimum flare in both the Z and H plane, the overall gain 

factor is equal to 0-50, and 


i= 6-334, (99) 
FE 


where A is the aperture area. 
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Conical Horn.'? Fora 7'E,, conical horn [Fig. 188 (e)] fed by 
a circular waveguide, the optimum dimensions are given by 


s fy 
ya aiteesenae: (100) 
1 — cos $y 


Biconical Horn.2° Fig. 188 (c) and (d) illustrate the form of 
the electromagnetic field in a biconical horn for the TE, and 
the TEM mode respectively. It will be noted that the former 
corresponds to the 7'E ,) mode in a sectoral horn, and the latter 
to the 7’E,, mode; thus the optimum dimensions are the 
same in both cases. 

If we consider a meridian plane only, the gain factor corres- 
ponding to the aperture distribution is the same as for the 
corresponding sectoral horn and may be found from equations 
(93) and (96) or from Fig. 189 for given horn dimensions. 
The gain is then given by”! 
2a 
G.=Ya° 7 (101) 
since 2a/A is the gain corresponding to uniform phase and 
amplitude aperture distribution [see equation (63)]. 


For optimum horns, 


TEM TE, 

a = V2Ary: a = 1-78V Ary (102) 

C= te G, = 1-265: (103) 
4 A 


Bandwidth of Horns. Effectively the horn may be regarded 
as a tapered matching section between the guide and free 
space, thus if the taper is not too rapid the impedance of the 
horn will not vary rapidly with change in frequency. 


8G. C. Southworth and A. P. King, ** Metal horns as directive receivers 
of ultra short waves,’ Proc. 1.R.E., Vol. 27, February, 1939, p. 99. 

20W. LL. Barrow, L. J. Chu and J. J. Jansen, ** Biconical electromagnetic 
horns,” Proce. I.R.E., Vol. 27, December, 1939, p. 769. 

21 Barrow, Chu and Jansen have plotted gain relative to a current element 
against flare angle for various values of r, A; however, the figures for gain 
are 48 times higher than expected from (101) i.e. some 3 or 4 times higher 
than that of an in-phase, uniform amplitude, line source of the same aperture. 
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Combination of Lenses with Horns. It has been seen that 
horns have gain factors considerably less than unity because of 
the diverging wave at the horn aperture. By the use of lenses 
of the type described previously the aperture distribution may 
be made uniform in phase, and satisfactory horns can be 
constructed whose dimensions differ considerably from the 
optimum (e.g. short horns with large flares). 





AG 
SS OOOO 
(0) (0) 


Figure 190, Combined horn and lens systems to produce constant 
phase across the horn aperture. 


Fig. 190 shows two arrangements. That of (a) is for a 
TE, horn, in which the horn structure itself is used as a lens 
owing to the higher phase velocity in the horn than in free 
space, and that of (b) shows a metal plate lens designed to 
straighten the wave front ina 7'E,, horn. 


6. The Design of Aerials 


The problem of designing an aerial which has a specified 
space factor has arisen in radar equipments of the GCI (Ground 
Control Interception) and ASV (Aircraft to Surface Vessel) 
types. In both of these cases the basic requirement is for 
a radar to give coverage such that the echo intensity is indepen- 
dent of range up to a given range. It may be shown that to 
satisfy this requirement we must have S(0) proportional to 
cosec 0 over a given range of # in the vertical plane. ‘This 
type of aerial is known as a cosec? @ aerial since the cnergy 
radiated at an elevation @ is proportional to cosec? O. The 
directional diagram required is shown, plotted in both polar 
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and Cartesian form in Fig. 191 (a) and (6) respectively. The 
cosec? 6 pattern is produced between the angles 6, and 6). 

In most cases the problem is one dimensional, a particular 
distorted polar diagram being required in one plane only. 
Two methods of solution are available, based on geometrical 
optics and diffraction theory respectively. 


S(e) 







S(@)= cosec © 


Oo 
° 


8, 8. —r9 
Polar form Cartesian form 


(0) (b) 


Figure 191.—Polar diagram of a “‘ cosec? @”’ aerial plotted in (a) polar 
and (b) Cartesian coordinates. S(@) = cosec @ for 6, < 0 < 0, and 
S(0) = 0 for @ < 0. 


Geometrical Optics 

(a) Standard Optical System and Distributed Feed. A typical 
system is shown in Fig. 192. A tapered feed is employed 
producing a fanned beam which approaches a cosec* @ pattern. 
By suitable choice of feed a wide range of secondary patterns 





Amplitude 
a 


Figure 192.—Illustrating how a distorted polar diagram may be obtained 
by using a distributed feed, tapered in amplitude, at the focus of a lens. 


may be obtained. The secondary pattern will be influenced 
by all of the errors of the optical system, the main effect being 
coma. This may be reduced by placing the sources in the 
feed along a curve instead of a straight line. 
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The feed may be an array of dipoles, slots, or other radiators, 
and the focusing system, which for convenience has been shown 
as a lens may equally well be a paraboloid. 


(b) Localised Source and Modified Optical System. Distorted 
polar diagrams have been obtained by the use of a localised 
feed and a modified parabolic reflector. The design is based 
on a one-one correspondence between the intensity distribu- 
tion in the feed pattern and in the secondary pattern, the 
reflector being modified in such a fashion as to give the desired 
form of the latter. 

Before modification, the reflector may be a paraboloid of 
revolution in which case the feed should be an effective point 
source, In this case the section of the paraboloid in the plane 
in which the modified diagram is required is distorted. Alter- 
natively, a cylindrical reflector may be used whose cross- 
section is a modified parabola, fed by a line source, e.g. an 
array of dipoles or slots, a pill box etc. 

It should be remembered that the actual polar diagram will 
only approach the desired diagram if the aperture is many 
wavelengths in linear dimension and the system approaches 
an optical one. 

An appropriate method of calculating the space factor of 
modified reflector systems is to compute the aperture distri- 
bution from a knowledge of the feed diagram and to use (82) 
to compute the secondary pattern. 


Diffraction Theory 
Aperture Distribution to Give a Specified Polar Diagram. The 


aperture distribution F(x) corresponding to a given field pattern 


; : tate. 
S(0)er*) may be determined from (88), since S(o)e!™ ) is 


the Fourier transform of (2). 


In general it is desired to produce a pattern which is speci- 
fied by S(6) and any suitable phase distribution (#) may 
be chosen. ‘This allows an infinite number of aperture dis- 
tributions for a single polar diagram, and the amplitude of 
each of these distributions will not fall to zero for a finite 
value of 2 except in special cases. It should be possible 
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however to choose a distribution, the amplitude of which 
falls to a small value for a finite value of x. It may then be 
amputated at this point without appreciably affecting the 
diagram. The effect of this in general is to introduce un- 
wanted side lobes and to smooth out any discontinuities in 
the polar diagram because of the diffraction effect. The 
effect is smaller, the larger the aperture. 
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Figure 193.—Polar diagrams for a thirteen element slot array giving 
S(@) == 5 cosee 6 for sin 0 > ‘1. 


Aperture distributions which give S(0) = cosec 9 have been 
extensively studied and a number of such distributions are 
given in amplitude and phase in a Telecommunications Re- 
search Establishment report.22. All of these distributions 
require infinite amplitude for « = 0 and the effect of using 

22 Telecommunications Research Establishment Mathematics Group 


‘““Theory of an ideal gapless RDF aerial,’ Telecommunications Research 
Establishment, Report M/58, undated. 
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finite amplitude is to cause a departure from the cosec 6 law 
for small angles. The case of a triangular polar diagram has 
been studied by Cullen.” 

It has been seen (section 4) that an array of slots or dipoles 
suitably spaced behaves as a uniform ‘‘in phase” line dis- 
tribution. In a similar fashion, an array of elements with 
suitable phasing and amplitude may be used to approximate a 
continuous aperture distribution (subject, of course, to the 
limitations on spacing discussed in section 4). 

The required phase distribution is obtained by suitably 
spacing the elements along a waveguide or transmission line, 
and the amplitude distribution by adjusting the coupling to 





Figure 194.—Tdeal and actual aperture distributions corresponding to the 
polar diagrams of Fig. 193. 


the guide or line. This is most easily effected in the case of 
guide by using shunt slots spaced from the centre line or by 
probe fed dipoles. It is usual to choose a mean element 
spacing of about 200 degrees and to terminate the array with 
a matched load in order to reduce the standing waves on the 
feeder (i.e. a non-resonant array). A method of determination 


of element conductance and spacing along the array 1s given 
R.—10, 
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in a report by Kaiser.8 Coupling of elements to the guide 
causes a distortion of the phase distribution along the array 
which may be serious if any elements are coupled tightly. 

A waveguide-slot array of 13 elements to give a cosec? 0 
diagram has been designed and its characteristics are given 
in Figs. 193, 194 and 195. The full curves of Fig. 194 show 
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Figure 195.—Slot conductance as a function of slot position for the 
thirteen clement slot array, giving the amplitude distribution of Fig. 194. 


the required aperture distribution, and the dotted curve the 
distortion of the phase distribution due to the coupling of the 
elements to the guide. Fig. 195 gives the normalised con- 
ductance of cach slot as a function of its position along the 
guide. This conductance distribution is calculated from the 
aperture distribution. The desired polar diagram (1's cosee 9), 
the diagram due to the ideal, but finite. aperture distribution, 
and that due to the distorted aperture distribution are shown in 
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Fig. 193. The latter two curves have been computed from the 


phase and amplitude of the radiation from each individual 
element. 


The required spacing of the slots from the centre line of 
the guide may be calculated from (44). Such an array may be 
combined with a cylindrical paraboloid to give a narrow beam 
in the other plane, or even with a shaped reflector if it is desired 
to obtain a distorted diagram in two planes at right angles. 


7. Rapid Scanning Methods 


In order to accurately estimate the direction of a target it 
is possible to use an aerial which provides a narrow beam 
and which scans in either two or three dimensions depending 
on whether azimuth or elevation alone, or both, is to be de- 
termined. With scanning systems, high gain aerials are 
employed which tend to increase the range of the set. This 
in turn is reduced by the introduction of scanning losses, since 
for very rapid scans the number of pulses reflected from the 
target during a single sweep may be quite small. 





Two types of scanning are used, electrical and mechanical. 
The former describes all systems in which the aperture is held 
fixed while the beam is caused to swing by changing the phase 
distribution, and the latter those systems in which the aerial 
as a whole is scanned. Since mechanical scanning is mostly 
a problem of mechanical design, electrical scanning only will 
be considered here. For a general account of scanning systems, 
the reader is referred to two reports of conferences.?% 


Moving Feed Fixed Aperture Scanning 
If a paraboloid or lens feed is displaced from the axis through 
a distance ¢, the beam scans through an angle approximately 
equal to t/f where f is the focal length. However, if the scan 
is more than a few beam widths the phase distribution across 
the aperture becomes non-lineat and the diagram deteriorates. 
23** Report on the microwave antenna conference, July, 11-24. 1943," 
Massachusetts Institute of Technology Radiation Laboratory, Report 414: 


and ** Report on the conference on rapid scanning, Massachusetts Tnstitute 
of Technology Radiation Laboratory, Report 54-27, June, 1943. 
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The side lobe on one side of the main lobe increases and the 
gain decreases. The deterioration is due to coma in the 
focusing system and may be minimised by either using large 
focal lengths or by modifying the focusing system. The 
former requires a directive feed and large feed displacement, 
and may be undesirable. In general, however, a simple 
focusing system designed to be free from coma suffers badly 
from spherical aberration, and it is necessary to use a zoned 
reflector consisting of a number of elements free from spherical 
aberration situated on a coma free surface and spaced so that 
radiation from the individual elements reinforces. Alter- 
natively a combination of two simple optical systems such as 
the Schmidt (reflector plus correcting lens) and the Schwarz- 
child (double reflector) systems may be used. A discussion 
of the design of mirrors for scanning systems is given by 
Gooden.?4 

The path of the beam in scanning systems of this type may 
be conical or linear. The locus of the field in the former case 
is a circle in the focal plane producing a beam which scans in 
a cone, and in the latter, a straight line in the focal plane. 
Instead of an oscillating feed, a number of switched fixed feeds 
spaced along a line in the focal plane may be used. 

One of the disadvantages of a system using a feed moving 
along a line in the focal plane is that of providing a mechanical 
structure capable of allowing a large acceleration at the end of 
the feed traverse. This may be overcome by means of a rolled 
parallel plate system. Fig. 196 (a) shows a waveguide-fed 
parallel plate horn feeding in turn a parabolic mirror. In the 
plane of the horn the effective phase centre of the feed is at 
the mouth of the waveguide and so the section of the mirror in 
this plane has focal length f, while in the plane at right angles 
the phase centre is at the mouth of the parallel plates and the 
mirror section in this plane has focal length f’. A pencil beam 
is produced which can be made to scan by moving the wave- 
guide along the line 44’. An equivalent of the system of 
Fig. 196 (a) is that of Fig. 196 (b) where 4,4,’ is the mirror 


24J. S. Gooden, ‘t The use of geometrical optical theory in the design of 
mirror shapes for scanning aerials,” C.S.I.R. Radiophysics Laboratory, 
Report RP 242, February, 1945. 
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image of AA’ in the reflecting strip BC. This system may 
now be rolled about an axis paralle) to BB’ so that AA’ 
becomes a complete circle [Fig. 196 (c)], which is then the locus 
of the feed. A linear ‘‘ sawtooth” scan is thus produced. 
This method is possible because parallel plate systems may be 
folded without effectively altering their characteristics as 
long as the plates remain parallel. 





woveguide 
horn (b) Folded horn 


(0) Porolle! plate horn feeding 
© parabolic reflector 


AY. AY 


aoe) 


(©) Rolled ana folded 
parallel plate horn 


Figure 196.—The development of a rolled and folded horn scanner from 
a parallel plate system, producing a linear saw-tooth scan from a rotating 
waveguide feed. 


Variable Path (Foster) Scanner 
Fig. 197 represents a pill-box parallel-plate system fed by a 
waveguide inserted at F. This produces a constant phase 
distribution across AA’ and since the electrical path length 
for all rays PQ is equal (to d say), a constant phase distribution 
is produced across BB’. If now by some means the path 
length d’ of a ray distance .«c from AB is made to vary linearly 
with x giving d’ = d ++ bx, the constant phase front at BB 
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is deflected through an angle 6 given by tan 0 = 6/4, and the 
beam is deflected through an equal angle. Thus by providing 
a means of varying 6 the beam may be swung through large 
angles without distortion. 





Figure 197,—Pill-box with the parallel plates extended beyond the 
aperture of the parabola. 


This is accomplished very neatly in a scanner developed by 
J. S. Foster at Massachusetts Institute of Technology.?? The 
construction of this scanner is illustrated in Fig. 198. It 
consists of a conical structure [Fig. 198 (a)] the cross section 
of which is given in more detail in Fig. 198 (6). As the rotor 





r- Fixed teeth 


Figure 198.—Schematie diagram of the variable path (Foster) scanner. 
Rotation of the inner cone produces a linear saw-tooth scan. 


is turned the path length increases by an amount dependent 
on the distance from the edge. In order that the rotor may 
rotate through a full 360 degrees the reflecting barriers consist 
of teeth such that those on the rotor will pass through those 
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on the stator. These teeth are sufficiently closely spaced 


(i.e. < 4/2) to act as almost perfect reflectors. 


Rapid scans of the order of + 20 degrees without distortion 
or appreciable loss of gain are obtainable with this system. 
The system of Fig. 198 when used in conjunction with a 
parabolic cylinder will produce a scanning pencil beam. 


Musa Systems 


It has been seen (section 4) that a linear array of elements 
with a progressive phase difference a between adjacent elements 
produces a beam making an angle 0 with the normal given by 
‘ aa : 
sin 0 = 5— where 1 is the element spacing. 

2al 

The beam can be made to scan by varying «. This is similar 
in principle to the variable path length scanner described 
above, and large angle scans with negligible distortion are 
obtainable. 


One obvious way of accomplishing the required phase 
variation would be to space the elements along a transmission 
line or waveguide and to use a frequency modulated signal, 
One difficulty in this, of course, is to provide a satisfactory 
automatic frequency control system in the receiver. If the 
frequency is kept constant the phase may be varied by means 
of line lengtheners or phase changers in the feeds to the in- 
dividual elements. Such a device has been developed by 
Bell Telephone Laboratories using a broadside diclectric rod 
array for a ship gunnery radar: 

If the radiating elements are spaced along a waveguide 
the progressive phase difference x may be varied by altering 
the wavelength in the guide. which can be done without chang- 
ing the frequency. A method which has been employed is to 
space parallel resonant rings along the guide. The effective 
wavelength in the guide depends on the orientation of the 
rings, and by connecting the rings through a gear system which 
keeps all of the rings parallel while rotating, the beam may be 
caused to scan. 
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The same effect is accomplished in a different fashion in 
the Eagle scanner.* The guide wavelength for the TF) mode 
is related to the free space wavelength by 


ie TB 


where a is the width of the guide. In the Eagle scanner, 
A,, in a Waveguide array of dipoles is varied by using a wave- 
guide of variable width a. It is necessary of course to have a 
well designed choke system to prevent undue leakage of radia- 
tion from the guide. It is possible to get scans of up to 
+ 30 degrees with a minimum of distortion. 





8. Measuring Techniques 
For most applications the properties of an aerial which must 
be known are its polar diagram, gain, impedance, and band- 
width. Also, if experimental work is being carried out on a 
system, it is often useful to know the field distribution across 
its aperture. This section briefly describes some methods of 
measuring these quantities. 

An important fact not immediately obvious is that the form 
of the aperture distribution and polar diagram of the aerial 
are independent of the matching between aerial and trans- 
mitter (or receiver). Thus it is not important in the measure- 
ment of either of these quantities to have a carefully matched 
system. 


Aerial 


Oscillator 


Figure 199.—Schematic set-up for experimental determination of the 
aperture distribution of an aerial in both amplitude and phase. 


Probe 





€Tronsmission tine 
or waveguide 


Aperture Distribution 


The amplitude distribution may be determined by moving 
a probe which is coupled to a receiver (e.g. a crystal and meter) 
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across the aperture. To determine phase, some arrangement 
such as that shown in Fig. 199 is required. The phase dis- 
tribution may be determined from the position of the input I 
to cancel the pickup from the probe. An alternative is to 
fix the position of J and to use a variable length of line or 
guide in the feed to the probe. 


Polar Diagram 


For polar diagram measurements the system to be tested 
may be used either as a transmitting or receiving aerial, the 
latter being generally more convenient. 


Aerial (mounted on tuentople ) 


Fane 


———— _ d——_™” 


Figure 200.—Schematic sot-up for determination of the polar diagram 
of an aerial. 


The aerial is set up on a turntable and connected to a cali- 
brated receiver. In order to produce an effectively plane wave 
at the aerial, an aerial fed by an oscillator is set up at a large 
distance, d (Fig. 200). By the theorem of reciprocity the 
receiver and oscillator of Fig. 200 may be interchanged without 
altering the polar diagram. The turntable is rotated and 
either the voltage or power input to the receiver is plotted 
against 0. The former is proportional to S(0) and the latter 
to (6). 

A good experimental criterion for an effectively plane wave 
at the aerial is that the phase from the centre to the edge of 
the aerial aperture should not change by more than n/t. 
This means that for an aperture of width a, we must have 

gr (104) 

A 
The measurements should be carried out over plane surface 
free from obstructions which might give spurious reflections. 
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Automatic Polar Diagram Recorder.?> In order to eliminate 
the time factor involyed in taking large numbers of polar 
diagrams during aerial experiments an equipment has been 
developed in the laboratory for presenting polar diagrams on a 
cathode ray screen. This consists basically of a potentiometer, 
geared to the turntable with a voltage applied across it and 
connected to the X deflection of a cathode ray tube, the Y 
plates being fed by the output from a receiver. X deflection 
is proportional to the angle through which the turntable is 
rotated and the Y deflection to receiver output, which may be 
calibrated in terms of receiver input. By using the set-up 
of Fig. 200, the polar diagram is traced on the cathode ray 
tube screen as the turntable is rotated. A persistent screen 
tube is employed in the equipment. 

By substituting a recording meter, the drum of which rotates 
with the turntable, for the cathode ray tube it would be possible 
to make an equipment to give a permanent plot of the polar 
diagram. Such an equipment has been constructed at the 
Radiation Laboratory, Massachusetts Institute of Technology. 


Gain 

It is safe to say that at the present time there is no completely 
satisfactory method of measuring aerial gain. The methods 
available are the following. 


(a) By Direct Comparison. The set-up of Fig. 200 is employed. 
Making sure that the aerial is carefully matched to the receiver, 
the peak power input to the receiver is measured. The aerial 
is then replaced by a standard aerial such as a half wave dipole 
which is carefully matched to the receiver and the peak power 
input is again measured. The ratio of these two quantities 
gives the ratio of the gains of the two aerials, and if that of 
the standard is known the other may be determined. Cali- 
brated horns are often used at centimetre wavelengths as 
secondary standards. 

This method is quite satisfactory if it can be carried out 
in a location remote from the earth and other reflecting bodies. 


23°T. R. Kaiser, * An automatie polar diagram recorder,” C.S.I.R. Radio- 
s Laboratory, Report RPR5, January, 1946. 
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The presence of the earth often cannot be ignored, however, 
especially with low gain aerials and the different effect of 
earth reflections on the two acrials may give rise to large 
errors in gain, especially if the properties of the standard 
(gain, polar diagram, ete.) differ greatly from those of the aerial 
under test. This often makes the half wave dipoles an unsuit- 
able standard for use with directive aerials. The ideal would 
be a set of secondary standards covering a large range of gain 
in relatively small steps. 

(b) An Indirect Method.2* The aerial is matched to an oscilla- 
tor and placed in front of a plane sheet. Reflected radiation 
which effectively originates from its image in the sheet is 
picked up by the aerial and causes standing waves on the 
feeder. 

If the voltage standing wave ratio is S when the aerial is 
distant d from the reflector the gain is given by 

G.=8 l ae d (105) 

. 1+S84 ; 

In deriving this formula it has been assumed that no energy 
is re-radiated by the aerial. However this is not so, and in 
general some of the energy picked up by the acrial is re- 
radiated, reflected from the sheet, and picked up again by the 
aerial, thus modifying the standing waves on the feeder. 
Burrel, Cromie, and Pippard?? have shown experimentally 
that this re-radiation may introduce serious errors into the 
method. This difficulty may be overcome by taking a series 
of measurements at varying distances from the sheet. It 
will be found that the graph of G, against d is oscillatory, the 
mean value being the correct value of @,. 

Unfortunately, although this method looks quite promising, 
it will only give satisfactory results for acrials whose gain 
lies in a relatively restricted range, owing to limitations on 
the distance of the aerial from the reflector (d > a*/2/ where 

26. M. Purcell, ‘* A method for measuring the absolute gain of microwave 


antennas,’ Massachusetts Institute of Technology Radiation Laboratory. 
Report 41-9, January, 1943. 


27C, J. Burrel, E. E. Cromie, A. B. Pippard, ** A critical study ofan indirect 
method for measuring the power gain of microwave aerials,” Radar Research 
and Development Establishment, Research Report 271, February, 1945. 
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w is the width of the aerial), on the sensitivity of the standing 
wave measuring gear, and because a finite reflecting sheet must 
be used. 


(c) By Integration of the Polar Diagram. If *(6,¢) is known 
for all angles 6, ¢, the gain may be determined from equation 
(5). It is difficult, however, to measure a polar diagram in 
three dimensions, and ®*(6,¢) is in general known only in the 
planes 0 = 0 and ¢ = 0. 


In special cases this is sufficient information for an estima- 
tion of the gain. For a three dimensional polar diagram 
which is a solid of revolution, it may be shown that 


Gos es (106) 
J S*(0) cos 640 


—7/2 


where (0) is the space factor in a plane containing the axis of 
revolution, 0 being measured from the normal to the axis. 


If S(0),,,, occurs for 6 = 0, and if the beam is narrow 


2 
G, = “aie (107) 
f SX) do 
—7/2 


This method can be applied to aerials such as linear arrays or 
biconical horns. The integrations of (106) and (107) may be 
performed graphically from the experimental polar diagram. 
Graphical integration methods of determining the gain of 
some paraboloid reflectors from the polar diagram have been 
developed.28 Whereas methods (a) and (b) measure the actual 
gain of the overall system including feeders, graphical integra- 
tion gives the directivity, and so can only be used for gain 
determination when ohmic losses and losses in the feeder 

28S. G. Sydoriak and L. C. Van Atta, ** Graphical analysis of beam patterns 


from paraboloid reflectors,” Massachusetts Institute of Technology Radiation 
Laboratory, Report 54-11, June, 1942. 
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system are negligible (e.g. it does not apply to a non-resonant 


array in which any significant portion of the power is absorbed 
in a load). 


Impedance 


The simplest method of measuring aerial impedance is to 
insert a section of slotted line or guide in the feeder and to 
measure the standing waves. The aerial is usually adjusted 
for no standing waves at a spot frequency, but at other fre- 
quencies standing waves will be present. The bandwidth 
may be determined by plotting standing wave ratio against 
frequency. The technique of impedance measurement is 
described more fully in Chapter VI. 


CHAPTER IX 


AERIAL DUPLEXING 


AN aerial duplexer or TR/RT switch is an electronically 
operated switching device, which enables the same aerial to 
be used for both transmitting and receiving in pulsed radar 
equipments. This type of duplexer should be distinguished 
from the duplexer of telegraphy which permits signals to be 
sent simultaneously in opposite directions over the same line. 

The climination of one aerial represents a considerable 
saving of space and equipment for the same performance. 
Normally the maximum possible aerial performance is required 
for a given available space. With a duplexer, the common 
aerial may have twice the area and hence twice the power 
gain of each separate unit. An increase in the overall power 
gain of the aerial system of 4 times or 6 decibels is thus theoret- 
ically pessible, although in practice the figure is reduced some- 
what by losses in the duplexer. 

The advantages of aerial duplexing were realised during 
the early development of radar on metre wavelengths. Tenta- 
tive experiments were made at the Telecommunications 
Research Establishment in England prior to 1939, but the 
work was discontinued before reaching a satisfactory solution. 
Subsequent investigations at the Radiophysics Laboratory 
into the design of the radio frequency circuits for such a 
device showed the importance of appropriate impedance 
transformation, and in May 1940 a successful unit was operated 
with a low power transmitter. 

The operaticn of an elementary switch may be represented 
symbolically as shown in Fig. 201. During the transmitted 
pulse, the switch connects the aerial to the transmitter and 
the receiver is disconnected. The latter is necessary to prevent 
loss of transmitter energy and, more important, to prevent 

1J. L. Pawsey, ** A method for using the same aerial for both transmitter 
and receiver in pulse transmissions,’ C.S.I.R. Radiophysics Laboratory, 
Report RP 19,1, August, 1910; and H. C. Minnett, ‘‘ Measurements on 


equipment designed for using the same aerial for transmitting and receiving,” 
C.8.I.R. Radiophysics Laboratory, Report RP 19/2, August 194 . 
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damage to the receiver. In the intervals between transmitted 
pulses, the aerial is connected by the switch to the receiver 
and the transmitter is disconnected so that it does not absorb 
any of the echo signals received by the aerial. 

In practice, these two switching operations are performed 
by separate switching units. The aerial duplexer thus consists 
of a TR or transmit-receive switch, which disconnects the 


()— 1 


Transmitter Receiver 


Figuro 201.— Elementary aerial switch pernutting the use of a common 
aerial for transmitting: and recemuny. 


receiver at high power levels and an RP or receive transmit 
switch which disconnects the transmitter at low power levels 
Hence the term TR RT switch is an alternative to duplexer. 
Tt should be mentioned that in some cases. 11s possible to 
dispense with the R’P unit to disconnect the transmitter: 
the duplexer then consists only of the TR switeh (see next 
section). 


1. The Fundamental Method 


Fig. 202 shows symbolically the cireuit which forms the basis 
of nearly all aerial duplesers. ‘The feeder system is assumed 
to be loss free and to consist of any of the usual transmission 
lines, open wire, coaxial or waveauide, The TR and RT nnits 
are represented by single pole. single throw switches NS, ands, 
respectively which are also assumed loss free. 

During the transmitted pulse both switches are closed se 
that points Q, and Q. are short circuited. “These short ciretuits 
reflect as open circuits across the shunt junetions 7, and f* 
owing to the impedance inverting proper’ of at quarter wave 
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length of transmission line. Hence the transmitter power 
flows to the aerial without reflection at P, and P, and there 
is no leakage past Q, to the receiver. The transmission line 
sections P,Q, and P,Q, are resonant but absorb no power 
as the line has been assumed loss-free. All the generator 
power thus reaches the aerial. 






Tronsmitter rn Receiver 


\" R switch 


= S, 





P, 






a|> 


Q2 


ART switch 


S: 


Figure 202.—The basic circuit used for aerial duplexing. Single con- 

ductor transmission line is used to represent the open wire, coaxial or 

waveguide feeder system. Tho idealised switches S, and S, are normally 

open, so that energy received by the aerial flows only to the receiver ; 

they close during the transmitted pulse to protect the receiver and to 
direct the energy to the aerial. 


At the end of the transmitted pulse both switches are opened 
and remain open until the beginning of the next pulse. The 
open circuit at Q, transforms to a short circuit across P, and 
an open circuit across P,;. The echo energy received by the 
aerial then flows to the receiver without reflection by the 
infinite impedances shunted across P, and Q;. Also none of 
the energy reaches the quiescent transmitter. In this con- 
dition the section P, P, Q, is resonant and as before does not 
dissipate any power. 


Elimination of the RT Switch 

In some radar equipments, it is possible to simplify the duplex- 
ing system by elimination of the RT switch. This is due to 
the fact that the radio frequency impedance of many trans- 
mitting tubes in the quiescent state is a highly reactive mis 
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match to the feeder, although the output impedance matches 
the feeder during the pulse. Hence, if the RT switch is 
omitted, echo energy flowing from the junction P, into the 
branch P,7' will be almost entirely reflected at the transmitter 
and will return to P, with a phase which depends on the phase 
of the reflection and the length P,7. If the latter is chosen 
correctly, the input impedance of P,7’ at P, may be made 
infinite provided no reflection loss occurs at 7’. The trans- 
mitter itself, therefore, acts as the RT switch. 

In this arrangement the complete line section P,7’ is resonant 
and in practice has to be reasonably short to avoid losses and 
to keep the frequency selectivity within specified limits. It 
is sometimes possible to fix the length P,7' at the desired value, 
if the properties of all transmitting tubes to be used in the 
particular set are sufficiently alike. Otherwise, it is made 
variable by introducing a telescopic section or more commonly 
by arranging for the junction P, to slide along the line AT. 


Series and Shunt Junctions 


The junctions P, and P, have been assumed in the above 
discussion to be of the shunt type represented symbolically 
in Fig. 203 (a). A series type junction is sometimes used 
and this can be represented as shown in Fig. 203 (6). The 


i 1 
P 3 Less 
2 2 J 


1a) Shunt (b) Series 


Figure 203.—Symbolic representation of two possible forms of trans- 
mission line tee junction: (a) shunt type, (6) series type. 


operation of a duplexer with series type junctions at P,; and P, 
is essentially similar to that already described except that the 
switches S, and S, have to be a half wavelength from their 
respective junctions instead of a quarter wavelength. This 
is because the series junction of Fig. 203 (b) requires a short 


298 A TEXTBOOK OF RADAR (Ch. IX 


circuit across the terminals P if energy is to flow without 
reflection between the branches 1 and 2. In the shunt case 
(Fig. 203 (a)], an open circuit was needed-across P. Similarly 
reflection-free transmission between branches 1 and 3 requires 
a short circuit across Q in the series case and an open circuit 
across P in the shunt case. Examples of both types of junction 
are described in section 4. 


2. Electronic Switches 


Practical Considerations 

The action of the ideal switches S, and S, is approximated 
in practice by such non-linear elements as vacuum diodes, 
spark gaps and gas discharge tubes. These devices are non- 
conducting at sufficiently small power levels and therefore 
have a high impedance. At high power levels they are con- 
ducting and their impedance falls to a low value. Thus the 
“opening and closing” of the switches is automatically 
controlled by the power level on the feeder system. Since 
in practice, electronic switches cannot achieve zero impedance 
in the “ closed ” condition, and since in the ‘ open ” condition 
circuit losses prevent the impedance from being infinite, an 
aerial duplexing system involves a certain loss of power, while 
the power leakage into the receiver is never quite zero. 

In most cases it is desirable to insert an impedance trans- 
forming network between the switching element and the points 
across which it is connected in the feeder system, (i.e. Q, oF Q2 
in Fig. 202). This is because it is usually necessary to trans- 
form the two impedance levels of the switching element to 
values which are more suitable for efficient operation relative 
to the characteristic impedance of the feeder. Moreover 
the impedance network is useful in tuning out the stray re; 
actances which are associated with practical forms of switching 
element. This unit of the electronic switch is discussed in 
more detail in section 3. 


Switch Requirements 
Each of the two switches is required to close in a time small 
compared with the transmitter pulse duration (0-25 to 20 
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microseconds) and to open in a pericd of the same order as the 
pulse duration. This cycle of operations is repeated at the 
pulse repetition frequency of the radar equipment (50 to 5000 
cycles per second). 


In the case of the crystal converters used in centimetre 
wave sets, the attenuation produced by the TR switch between 
the receiver and transmitter feeders at high power levels must 
be between 60 and 70 decibels. This ensures that the leakage 
of transmitter power to the receiver is reduced to a level which 
will not “ burn out’ the crystal (see Chapter XII, section 3). 
At longer wavelengths, where the first stage of the receiver 
is a more robust tube converter or radio frequency amplifier, 
the requirement is less stringent. 


The losses of the complete duplexing unit must be less than 
6 decibels to compete with the system of separate aerials and 
the unit must operate effectively over the frequency band 
covered by the radar equipment. It must therefore be either 
tunable or broadband. 


Obviously, the design and construction of the switch will be 
considerably influenced by the intended operating wavelength. 


Diode Switches 


Historically, the thermionic diode was onc ef the first tubes 
to be employed as a switch in the metre wavelength radar 
equipment then in service. Early in 1940, for example, the 
British television-type diodes EA50 and DI were used by the 
Radiophysics Laboratory in low power, 14-metre equipments.' 
Several such tubes were used in parallel in higher power 
British sets. Eventually as transmitter power increased, 
special diodes with high emission cathodes had to be developed 
to handle the heavier current pulses. The radio frequency 
design of these tubes was also improved by reducing the length 
of electrode connections to a minimum (Fig. 204). 
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Diodes are inherently fast in operation, but are limited to 
fairly low-power equipments. A small DC potential is neces- 
sary to bias the tube beyond cut-off so that it. has a high 
impedance at the low power levels of received echoes. 


Healer connection 









Copper anode permitting 
direct connection 


Heater ond cathode 


connection Double cathode connection 


to reduce inductance 


Figure 204.—Thermionic diode designed for use at 14 metres as an elec- 
tronic switching tube. Lead inductance is reduced as much as possible. 


Spark Gap Switches 


Spark discharges at or near atmospheric pressure have been 
used from time to time as an alternative to diode switches. 
The tungsten discharge gaps may be either exposed or enclosed 
in a glass envelope. An early example of the enclosed con- 
struction is (a) in Plate XI (a). A filling of argon at a fairly 
high pressure (400 to 500 millimetres) together with a glass 
sleeve over the gap ensures that a spark discharge rather than 
a glow discharge takes place. The latter type of operation 
was found to be characterised by slow deionisation of the gap 
so that the switch was slow to open. Although the spark 
gap switching element is simple to use and manufacture, it is 
characterised by a high maintaining voltage (high conducting 
impedance) and fairly rapid deterioration of the electrodes. 
Its application has been confined to cases where the require- 
ments on Jeakage power are not too severe (as with receivers 
using tube converters or radio frequency amplifiers) and where 
frequent maintenance is possible. 





(©) 


. (a) (b) 


(a) Three types of gas discharge switching tube Phe spark discharge 

tube (a) and the glow discharge tube (b) are both designed for 14 metres. 

Tube (c) is a glow discharge tube (type CVS83) for centimetre wave- 

lengths ; it incorporates a DC discharge electrode to provide a source 
of ions. 





(b) Resonant cavity with CVS3 gas discharge tube in position. A part 
of the cavity attached to a mounting flange has been removed to show 
the interior. The discharge gap, tuning plugs and input coupling window 


in the flange are visible. An output coupling loop may be imserted 
through the hole at the rear of the cavity (see p. 308) 
Piare NI 


lacing p. 300) 








rr” > 
HE JAMMU & KAS! \) 
LIBRARY. 


DATE LOANED/ 









Class No,,___ Book No. 
Vol. _____ Copy ____ 


Accession Non ag = 


=] 





§2] AERIAL DUPLEXING 301 


Glow Discharge Tubes 


The type of switch which has received the most attention 
utilises a glow discharge between electrodes in a low pressure 
gas tube. These switches are universally used for centimetre- 
wave radar and will probably supersede other types at the 
longer wavelengths. It is now possible to design tubes which 
meet all the present requirements, are simple to manufacture 
and have adequate life. Owing to the low gas pressure, the 
maintaining voltage across the gap is quite low and deteriora- 
tion of the electrodes is almost negligible. It is necessary to 
provide a source of ions in the region of the gap to ensure that 
the tube strikes with the first application of transmitter power. 
Otherwise when the radar equipment is first switched on, 
several transmitter pulses may occur before a discharge com- 
mences. By careful choice of the gas filling, it has been found 
possible to increase the deionisation rate in the gap to a value 
which is high enough for most purposes. 


The gas discharge tube (b) in Plate XI (a) was designed 
some years ago at the Radiophysics Laboratory for use with 
1}-metre equipments, the power of which could not be handled 
by the available diodes.? The inert gas filling was at a pressure 
of 10 to 20 centimetres of mercury and traces of radioactive 
material within the tube provided an initial source of ions in 
the region of the tungsten gap. _Deionisation of this particular 
tube, after the discharge, was assisted by means of a moderate 
DC potential across the gap. 

At centimetre wavelengths, the form of the gas discharge 
tube first developed and still in widespread use is shown at (c) 
in Plate XI (a). Two copper discs D are shaped to form the 
radio frequency discharge gap G and are sealed into a glass 
envelope containing the gas filling. The parts of the dises 
externa] to the envelope are intended to clamp into metal 
fittings to form a resonant cavity which acts as the impedance 
transformer. The similarity of this construction to that of 
many types of reflex klystron is evident. Indeed, the early 

2M. 1. G. Iliffe and H. R. Oliphant, ** Interim report on the manufacture 


and performance of glow gaps for common aerial working,” C.S.L.R. Radio- 
physics Laboratory, Report RP 139/1, March, 1942. 
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models were evolved from such klystrons by omitting the 
electron gun and filling with gas. 

An auxiliary electrode A, usually called the “ keep-alive ” 
electrode, provides a source of ions. The application of a 
DC voltage between this electrode and the adjacent copper disc 
causes a continuous discharge. The ions thus generated 
diffuse into the region of the radio frequency discharge gap G 
and ensure instantaneous striking when the equipment is 
first switched on. The discharge also ensures consistent 
operation during the ionising period and in this respect a 
negative potential on the auxiliary electrode has been found 
to give the best results. 

The maintaining potential of the auxiliary discharge is 
usually 350 to 450 volts and the striking potential a few hundred 
volts higher. A series resistance limits the discharge current 
to a value sufficiently low (usually less than 1 milliampere) 
to prevent chemical reactions which cause the gas filling to 
disappear or “clean up.” Trouble has sometimes been 
experienced with relaxation oscillations in this DC circuit 
owing to the capacity in parallel with the auxiliary gap 
(Fig. 205). Such oscillations impair the receiver protection pro- 


pres resistor 








DC supply 


Keep olive electroces 
voltage 


Stray capocity 


Figure 205.—The circuit of the auxiliary electrode, including the stray 
capacity across the discharge gap; with certain values of the circuit 
constants, relaxation oscillations are possible. 
perties of the TR switch and the DC circuit must be carefully 

designed to avoid them. 

The best gas filling has been the subject of much experiment. 
Probably the most common filling is water vapour at a pressure 
of 5 to 20 millimetres. chosen chiefly because it has a rapid 
deionisation rate. Sometimes hydrogen is also added. The 
factors on which depend the choice of the gas and its pressure 
are discussed more fully in section 5. 
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3. Impedance Transformers 
Theory 


In the discussion of the fundamental operation of an aerial 
duplexer, the switches were idealised and assumed to place 
either an infinite or zero impedance across the feeder. Suppose 
that the corresponding impedances of an electronic switch are 
pure resistances R and r respectively. Then the higher the 
value of R compared with the characteristic impedance Z, 
of the feeder, the more nearly will ideal operation be approached 
and the smaller will be the loss of received signal. Similarly, 
the resistance 7 represents a better ‘‘ short circuit ’’ and gives 
greater receiver protection in the case of the TR switch, the 
smaller its value compared with Z,. It is thus clear that the 
ratio R/r may be taken as a figure of merit for a switch and 
should be as large as possible. 

Many practical switches with a desirably high figure of merit 
have too large a value of r compared with Z, for adequate re- 


Aerial Aerial 
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Receiver 


x TR switch Receiver 


TR switch 


RT switcn RT switch 


Transmitter Transmitter 
(a) (b) 
Figure 206.—Two methods of introducang impedance transformation 


between the switches and the feeder system. The arrangement used 
with the TR switch in (4) is very Common at microwave frequencies. 


ceiver protection. For this reason it is normal to introduce 
an impedance transformation between the switch and the 
feeder to reduce the value of r (and #) relative to Z,. At may 
be shown that the ratio R/r is unchanged whatever the trans- 
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formation ratio provided the transformer is loss free. In: 
practice, dissipation in the latter decreases the ratio slightly. 


Fig. 206 (a) and (6) show two methods of introducing the 
required transformation. In Fig. 206 (a), the transformer is 
inserted between the switch and the feeder, so that the imped- 
ance levels of the switch are transformed to lower values at the 
feeder. The equivalent arrangement shown in Fig. 206 (6) 
is now very common. Here the feeder impedance on each side 
of the switch is transformed to a higher value, so that the 
switch operates across a higher impedance level. The action 
of both circuits is essentially the same but the leakage power 
from the second, when a gas discharge tube is used, is less 
critically dependent on the adjustment of the circuit. 


In the above discussion, the switch has been represented at 
high power levels by a small linear resistance r. The non- 
linear action of the electronic discharge may be allowed for by 
defining 7 as an effective value, which dissipates the same 
power as the discharge with the observed voltages on the 
system, Actually, the two impedance levels at the external 
terminals of a practical switch have complex values owing to 
the effect of connecting leads and other sources of stray imped- 
ance. However, it is possible to use the transformer to resonate 
the system, so that the impedance values connected across the 
feeder are both pure resistances. The complete impedance 
network may then be regarded as introducing transformation 
between the feeder and the discharge gap of the electronic 
switch. Later in this section, it will be apparent that in 
microwave duplexers, the radio frequency circuits of the 
impedance transformer and the discharge tube are very closely 
merged. 


Lumped Circuit Transformers 

At wavelengths of a few metres and above, lumped circuits 
are compact and have low loss. One type of circuit is shown in 
Fig. 207. (', tunes the circuit to resonance when the switching 
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tube is non-conducting, and C, is a tuning adjustment for the 
conducting condition. The position of the tap on the induct- 
ance controls the transformation ratio. Many other lumped- 


circuit impedance-transforming networks may of course be 
devised. 





Figure 207.—An impedance transformer using lumped circuit elements 
and suitable for use at wavelengths longer than a few metres. 
Transmission Line Transformers 


At a wavelength of about a metre, transformers using trans- 
mission line circuit elements become more efficient.? Open- 
wire units have been used extensively in the form shown in 
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Figure 208.—(a) An open wire impedance transformer consisting of a half 

wavelength of high impedance line across the centre of which the switch 

is shunted. (b) A similar unit in which the conductors of the trans- 
forming section are coiled for compactness. 


Fig. 208 (a). Here the switching tube is connected across the 
centre of an approximate half-wavelength of open-wire line of 
higher impedance than the rest of the feeder system. An 


3. E. Terman, ‘‘ Resonant lines in radio circuits,” Hlectrical Engineering, 
Vol. 53, July, 1934, p. 1046 to final page. 
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impedance transformation therefore occurs between the input 
terminals and the switch, and between the switch and the 
output connections, so that the transformation belongs to the 
type shown in Fig. 206 (6). To make a more compact unit, 
the conductors of the high-impedance section may be coiled 
as in Fig. 208 (b). This increases the characteristic impedance 
of the section and consequently the transformation ratio but 
the losses of the circuit tend to be greater. 


With coaxial feeder systems, a coaxial-type transformer is 
more convenient and becomes essential at wavelengths where 
the radiation loss from open wires is prohibitive. Fig. 209 is a 





Adjustment of Co 
Sliding contact 


Figure 209.—A coaxial, quarter-wave transformer. The dimension L 
determines the transformation ratio and C, and C', are tuning adjustments. 


typical coaxial line design, which has the equivalent circuit of 
Fig. 207. The switching tube connects across the high imped- 
ance end of the coaxial unit, which is an approximate quarter- 
wavelength long. The capacity C, resonates the circuit as 
before and the series capacity C, is most conveniently obtained 
by the adjustable-length coaxial line inside the inner conductor 
as shown. The distance L of the input connection from the 
short-cireuited end of the unit controls the transformer ratio. 


In cases where the transformation ratio required is low, @ 
double quarter-wave transformer has been used with success. 
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Resonant Cavity Transformers 


The impedance transformer of Fig. 209 may be regarded as a 
quarter wave coaxial resonator operating in the 7M mode. 
Ata wavelength of about 10 centimetres other forms of resonant 
cavity having lower losses than the coaxial one are feasible. 
Fig. 210 shows a form of cylindrical cavity transformer which is 


Discharge gap of 
switching tube 





From feecer To receiver 
junction 


Electric Field 






Rectangular wovequide 
TE mode> 


Magnetic Field 


Figure 210.—A_ resonant-cavity impedance transformer for centimetre 

wavelongths. A discharge tube of the type (c) in Plate XT (a) is an essen: 

tial part of this transformer. Both iris and loop coupling to the cavity 
. are illustrated. 


commonly used in conjunction with a gas discharge tube of the 
type (c) described in section 2 and shown in Plate XI (a). lhe 
dises and discharge gap of the tube clamp into the cavity 
of which they form a part. When the gap is non-conducting, 
the cavity is tuned to resonance in the dominant mode by 
means of plugs around its circumference. ‘The clectro- 
magnetic field then has the distribution indicated, Coupling 
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to the cavity may be either by window from a waveguide or by 
loop from a coaxial line. Both methods are shown in the 
diagram. Transformation occurs between the input coupling 
and the discharge gap and between the gap and the output 
coupling. When a discharge occurs at high power levels, the 
cavity is detuned and behaves as a very low impedance across 
the input window or loop. Plate XI (6) shows a gas discharge 
tube in position in a cavity, part of which is removed to show the 
interior. The discharge gap, tuning plugs, input coupling 
window and keep-alive electrode are visible. 

A recent American trend has been to combine the tube and 
cavity into an integral unit. The cavity with discharge gap is 
formed in a copper block. One of the cones of the gap is 
mounted on a flexible diaphragm, so that the gap spacing may 
be varied by an external screw adjustment, thus tuning the 
cavity. The gas filling is contained in the cavity and the 
coupling holes are sealed by glass windows. The unit is 
clamped between waveguide flanges and discarded at the end 
of its useful life. 


Broadband TR Cells 


Under certain conditions, a magnetron may generate a very 
small fraction of its total power at frequencies which are 
harmonics of the fundamental frequency. Transmitter energy 
at the fundamental frequency is strongly attenuated by the 
action of the low-impedance gas discharge in the TR cavity 
before reaching the receiver. However, the attenuation of 
harmonic energy may be quite small for the shape of cavity 
described above, so that the leakage level of harmonic power 
is sufficient to impair the crystal mixer performance. 

A form of waveguide TR unit which overcomes this‘ trouble 
is shown in Fig. 211. Reflectionless glass windows are used to 
confine the gas filling to a section of waveguide thus forming @ 
cell which may be removed from the waveguide transmission 
line for replacement. In this cell, resonant irises with closely 
spaced discharge gaps are located as indicated. At low power 
levels, the resonant irises transmit the signal energy without 
reflection and as they are low Q devices, the cell is an inherently 
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broadband unit and requires no tuning adjustment. The losses 
are also very low. At high power levels, each iris discharges 
and reduces the leakage power, including harmonic power, to a 
very low level. Two irises have been found sufficient to protect 
the receiver, but three irises with staggered resonant fre- 


quencies are sometimes used to give satisfactory operation over 
a still wider band. 


Non reflecting 
glass windows 






Dischorge ¥P7 
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resonant iris, 
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Section of iris showing 
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Figure 211.—Broadband TR cell using three stagger-tuned resonant 

irises each having a narrow discharge gap at the centre, | Non-reflecting 

glass windows seal off the gas cell and ~ keep-alive ’’ electrodes are 
provided for each gap. 


4. Typical Duplexing Units 


The electronic switching elements and transformers described 
above are combined as TR and RT switches in duplexing 
units, which are basically identical with the circuit of 
Figs. 202 and 203. The operation of the examples given below 
should be clear from the discussion of fundamental system 
operation in section 1. 

Fig. 212 (a) is an open-wire design for a wavelength of 
200 megacyeles per second using spark gaps or glow discharge 
tubes. The balanced output from the TR unit is transferred 
to the coaxial receiver feeder by means of a balance to un- 
balance transformer (see Chapter VIII, p. 234). 
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Figure 212.—Typical aerial duplexing units. (a) Open-wire duplexer 
for 200 Mes. (6) Coaxial duplexer for 200 Mc/s. (¢) Microwave 


unit with coaxial shunt junctions. 
coaxial series junctions are used. 
with series type junctions (7'E,, mode). 


(d) Microwave duplexer in which 
(e} A microwave waveguide unit 
(f) Waveguide unit with the 


cavities coupled to the narrow side of the rectangular waveguide 


(TE,,. mode). 
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The coaxial duplexer of Fig. 212 (b) is also for 200 megacycle 
operation and may use similar switching tubes. Shunt 
junctions are shown and the quarter-wave coaxial impedance- 
transformers are inserted between the tubes and the feeder 
system according to the circuit of Fig. 206 (a). Cavity trans- 
formers are used in the microwave unit of Fig. 212 (c) in which 
the impedance transformation is of the type described by the 
circuit of Fig. 206 (b). A series type junction to a coaxial 
line may conveniently be made by coupling the branch im- 
pedance in series with portion or all of the current in the 
outer conductor of the line. Fig. 212 (d) shows an arrange- 
ment of this type in which the half wavelengths of line between 
the cavities and their respective series junctions are eliminated. 
This enables the cavities to be mounted directly on the main 
coaxial feeder as shown, so that a compact unit results. Each 
cavity is coupled by means of a window to a portion only of 
the current in the feeder in order to produce the required 
impedance transformation. If the RT switch is omitted, the 
length of transmission line between the TR cavity and the 
transmitter may be varied by arranging for this cavity to slide 
along the feeder. A slot in the latter allows coupling to the 
cavity window. 

Two waveguide systems using the 7’) mode in rectangular 
tube are illustrated in Fig. 212 (e) and (f). The series type 
junctions in Fig. 212 (e) are obtained by window-coupling the 
cavities to the broad face of the guide. It is also possible to 
couple the cavities to the narrow side of the guide as shown 
in Fig. 212 (f). 


Magic Tee Duplexer 

A recent American development in acrial duplexing technique 
uses a scheme in which the leakage powers from two 
TR switches are cancelled by the use of the magic tee junction, 
This method differs somewhat from the fundamental one 
discussed in section 1. Magic tee properties are possessed by 
many types of junction, but one of the most common is that 
described in Chapter VII. ‘This is simply a four-way wave- 
guide junction having both H- and H-plane branches sym- 


312 A TEXTBOOK OF RADAR [Ch. 1X 


metrically arranged as indicated in Fig. 213 (a). As a result 
of this symmetry, the junction has properties, certain of 
which may be briefly restated as follows. Equiphase waves 
are excited in branches 1 and 2 by a wave in the H branch, 
and opposite phase waves by a wave in the # branch. There 
is no coupling between the Z and H branches. Conversely, 
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Figure 213.—A duplexer in which the leakage power from two TR units 
is cancelled by using two ‘* magic teo ” junctions (a) in the circuit shown 
in (b). 


if the waves in 1 and 2 are reflected they will couple to the 
H branch if they reach the junction in phase, and to the 
E branch if 180 degrees out of phase. 


The cancellation duplexer is shown in Fig. 213 (6) in which 
the branches of the magic tee are shown in the one plane for 
convenience. Power from the magnetron excites in-phase 
waves in the adjacent branches and these are reflected by the 
discharging TR cavities. Owing to a difference of half a 
wavelength in the total path length travelled, the waves 
arrive back at the junction in opposite phase and hence couple 
to the E branch, which leads to the aerial. “Power leaking 
through the TR cavities, however, arrives at the second 
junction in phase and couples via the H branch to a dummy 
load. If the leakage pulses are identical no power reaches 
the receiver. 
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Echoes received by the aerial excite out of phase waves in 
1 and 2 which are still out of phase when they reach the second 
junction and hence couple into the # branch and then to the 
receiver. The RT function in this circuit is performed by the 
first magic tee since there is no transfer of received energy 
from the # to the H branch. 


5. Performance Characteristics 


Equivalent Circuits 
The operation of a duplexing unit may be analysed at both 
high and low power levels by considering the equivalent 
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Figure 214.—The equivalent circuit of a typical aerial duplexing unit. 
Ideal transformers of ratio K are used to represent the impedance trans- 
formation. 


lumped circuits. An electronic switch is often replaced by a 
circuit in which the impedance transformation is referred to the 
discharge gap and is represented by an ideal transformer of 
impedance ratio K. The tuning and losses of the cireuit are 
R.—11. 
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allowed for by a parallel resonant circuit and a shunt resistance 
respectively across the gap. Fig. 214 is the circuit of a duplex- 
ing unit in which this representation is used. If the switching 
tube is a diode, the impedance of the discharge may be taken 
as a small equivalent resistance as discussed in section 3. 
The discharge of a gas tube on the other hand may be replaced 
by a generator of constant voltage equal to the maintaining 
voltage of the discharge, since the latter is practically indepen- 
dent of transmitter power. 

The operation of the TR and RT switches may be investi- 
gated separately. Considerably simplified circuits may then 
be drawn for low level and high level operation. Such circuits 
have been analysed by Pawsey! in the case of a diode switch 
and by Samuel, McRae and Mumford! in the case of a gas 
discharge switch. 

An important general result of the analysis is that a com- 
promise must be made between leakage-power level and loss of 
received signal. The latter is due mainly to ohmic and di- 
electric losses in the switching tube and the transformer. 
When the receiver protection requirements have been satisfied 
(see next section), the low-level loss of a duplexing unit is 
between 1 and 2 decibels. Somewhat lower losses for the same 
protection are obtained with the broad band TR cell described 
in section 3, p. 308. A figure of } to 1 decibel may be realised. 


Leakage Power 


The power leaking through a TR switch during the transmitted 
pulse is one of the most important factors in duplexer design. 
The leakage pulse from a gas discharge tube has some charac- 
teristic features which result from the properties of the dis- 
charge. Fig. 215 shows the shape of the envelope of a typical 
pulse. The front edge of the pulse has a “ spike,” which 
is due to the finite time required for the gas near the discharge 
gap to ionise. This transient period is very short and, although 
not known with certainty, is thought to be of the order of 
10-8 seconds or less. 

+4. L. Samuel, J. W. McRae and W. W. Mumford, ‘‘ The gas discharge 


TR switch—general introduction,” Bell Telephone Laboratories, Memorandum 
MM-42-140-26, April, 1942. 
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When the gas has had time to ionise, a steady maintaining 
potential is established across the gap and this persists until 
the cessation of the pulse. This maintaining potential is 
independent of the transmitter power and depends only on 
the nature and pressure of the gas filling. It contributes one 
of the components of the leakage power in the “ flat” of 
Fig. 215. A second component becomes apparent with high- 
power transmitters. This component is found to be pro- 
portional to the transmitter power and is present even when 
the discharge gap is bridged by a perfect short circuit. It is 
due to a form of direct coupling in which power leaks past the 
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Figure 215.—The shape of the RF envelope of the leakage pulse from a gas 
discharge tube. The “spike at the start of the pulse is due to the 
finite ionisation timo of the gas. 


short circuit shunted across the path to the receiver. The 
reduction of the direct coupling to a minimum is a matter of 
circuit design and is independent of the gas filling. 

The type of receiver imposing the most stringent require- 
ments on leakage power is the erystal-converter superhetero- 
dyne, which is used almost exclusively in centimetre radar. 
In order not to impair crystal performance, it is usually con- 
sidered desirable to limit the peak power in the flat to 
less than 100 milliwatts, so that with a 400 kilowatt transmitter 
the degree of protection required is 66 decibels. With careful 
attention to gas filling and cavity design this can be achieved.® 

5 Joan M. Freeman and H. C. Minnett, ‘‘ The development of a TR switch 


unit with small leakage power for the LW/AWH Mark II high power L-band 
set,” C.S.I.R. Radiophysics Laboratory, Report RP 257, August, 1945. 
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The maximum temperature of the crystal contact during the 
spike depends on the duration of the latter as well as on its 
peak power. This is because the duration is comparable 
with the thermal time constant of a crystal contact so that 
there is insufficient time for equilibrium to be reached. Hence 
the spike energy rather than its peak power is the important 
factor. It is thought that with present levels of flat leakage, 
the spike energy is the factor mainly responsible for crystal 
‘burn-out ” and it should be restricted to a value less than 
0-3 to 2-0 ergs per pulse depending on the type of crystal used. 


Recovery Time 


At the end of the transmitted pulse the ions in the gap region 
are removed by molecular processes at a speed which depends 
on the nature and pressure of the gas. Usually those gases 
which possess a low maintaining potential are slow to deionise. 
It is important that this deionisation process should be fast 
enough to prevent significant attenuation of the shortest 
range echo which the radar has to detect. The period required 
after the transmitted pulse for the transmission efficiency of 
the TR switch to reach a certain percentage of maximum 
(usually defined as 50 per cent) is called the recovery time. 


Life of a Gas Tube 


The life of a gas discharge tube depends on the rate of clean-up 
of the gas inside the tube. The resulting reduction in pressure 
usually causes an increase in recovery time and leakage power. 
How much the DC “ keep alive ’’ discharge current contributes 
to the clean-up appears to be uncertain, but normally this 
current is kept to a minimum. When water vapour is used. 
as a filling, it gradually breaks up into hydrogen and oxygen 
and the latter oxidises the copper parts of the tube. Some 
work in America has therefore been directed to preoxidation 
of these parts and attempts have also been made to seal into 
the tube a source of water vapour such as treated silica gel. 
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Choice of Filling in a Gas Tube® 
The nature and pressure of the filling of a gas tube is a com- 
promise between factors which may be summarised briefly as 
follows : 
(a) Low maintaining voltage for small leakage power, 
(b) Quick ionisation for small * spike ’’ energy. 
(c) Quick dcionisation for short recovery time. 
(d) Reasonably long life. 


Up to the present, the filling of a tube has been selected 
on an empirical basis. Much work is needed to elucidate the 
fundamental mechanisms of radio frequency gas discharges 
and to provide adequate design data. 


6. Measuring Techniques 


Methods of measuring the leakage power, losses and recovery 
time of an aerial duplexer are of interest owing to the special 
nature of the techniques which have been developed. 


Leakage Power 

In the case of a diode switch, the leakage pulse is a reduced 
version of the transmitter pulse and may have an amplitude 
of 10 volts or so. If the wavelength is in the metre range, the 
amplitude may be measured with a peak voltmeter. 


At centimetre wavelengths, the fundamental method in- 
volves the measurement of power averaged over a repetition 
period by means of a bolometer or thermistor bridge of the 
type described in Chapter VII. However, the measurement is 
complicated by the various leakage pulse components from 
the gas discharge switch as discussed in section 5. A means 
of separating these components has been given by Clark.’ 
The curve of Fig. 215 may be taken to represent the variation 





® Joan M. Freeman, ** General considerations regarding the choice of a gas 
for a TR valve, with special reference to the L-band TR switch,” C.S.1.R. 
Radiophysics Laboratory, Report RP 258, August. 1945. 


7 J. W. Clark, “A method of analysing leakage power,” Bell ‘Telephone 
Laboratories, Memorandum MM-43-140-50, October, 1943. 
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of peak leakage power during the pulse, where the term peak 
refers to an average over several radio frequency cycles. 
We then write 


P, = EF + P,Fé + APp 


where Pp, is the total leakage power averaged over a repetition 
period, Py is the average transmitter power, Py is the peak 
power in the flat period due to the finite discharge voltage, 
Fis the energy in each spike, F is the pulse repetition frequency, 


6 is the pulse duration and A is the direct coupling attenuation 
factor. 


The first component is the average spike power, the second 
the average flat power due to the finite discharge voltage and 
the third the average flat power due to direct coupling. The 
quantities #, P, and A are independent of F, 6 and Pr and 
may be evaluated by measuring the change of [Ps as F, 6 and 
Pe are separately varied. Thus 


ft sc 
dPp 


dP 
and E = a — P;6 


By cancellation of the flat components of the leakage pulse 
by means of a pulse of equal amplitude and opposite phase the 
spike alone may be obtained. An attenuated portion of the 
transmitter pulse is suitable for this purpose. An average 
power measurement of the spike and a knowledge of F then 
give an alternative method of calculating the spike energy £. 
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By launching spike pulses down a long transmission line ter- 
minated by a short circuit, the spike duration may be deter- 
mined. The length of the line is increased until the standing 
wave ratio at the input end becomes unity. This occurs when 
the start of the spike, after reflection from the far end, arrives 
back at the input just as the end of the spike is leaving. The 
spike duration may therefore be calculated if the velocity of 
propagation is known. It is of the order of 10-8 seconds, 
which is too short for the envelope to be viewed on an oscillo- 
scope owing to the difficulty of video amplification. 


Losses 

The overall low-level loss of a duplexing unit: may be found 
by an insertion measurement. The aerial is replaced by a 
signal generator and the power output of the latter is noted 
for a convenient receiver setting. The generator is then 
connected directly to the receiver and the new output for the 
same indication is found. If corrections are made for feeder 
losses external to the duplexer, the difference in the two 
readings is a measure of the low-level loss of the latter. A 
similar method may obviously be used to evaluate the loss of 
transmitted power which occurs during the transmitter pulse. 
An oscillator with sufficient power output to cause the switch 
gaps to discharge is connected in place of the transmitter and 
a power measuring device substituted for the aerial, 

It has been shown from equivalent circuit analysis that the 
low-level loss of an individual switch may be expressed com- 
pletely in terms of the loaded and unloaded @’s of the circuit. 
These may be found from bandwidth measurements using 
standard techniques. ‘This method of determining the low- 
level loss is especially useful at centimetre wavelengths with 
cavity-type switches. 


Recovery Time 

One method of measuring this quantity is to connect the 
duplexer into a radar equipment with a Class A indicator. 
The output of a low-level pulsed oscillator is injected into the 
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aerial feeder. If the transmitter is switched off, a series of 
unsynchronised pulses of equal amplitude appear on the time 
base. When the transmitter is operating, the oscillator pulses 
immediately following the transmitter pulse are attenuated. 
The envelope of the tops of these pulses is the recovery curve 
and its duration may be determined by using the range measur- 
ing facilities of the radar. 


In another method, the oscillator is triggered by the trans- 
mitter after a certain interval which may be varied by means 
of a calibrated delay network. Thus the pulse may be moved 
along the time base away from the transmitter pulse until its 
amplitude recovers to the defined percentage of the maximum. 
The delay interval is then equal to the recovery time. 


CHAPTER X 


RECEIVERS 


THE function of a radar receiving system is to provide a visual 
display on an indicator such as a cathode ray tube, from which 
a non-technical operator can determine the position and 
nature of bodies from which echoes are being received. In this 
chapter, which is intended as an introduction to the more 
detailed treatment of receiver principles given in later chapters, 
we shall consider the cathode ray tube, timing unit and other 
auxiliaries as part of the receiving system. This is in con- 
formity with conventional television practice. We shall also 
assume that the reader is familiar with the basic features of 
cathode ray tubes, time bases and superhetcrodyne receivers. 





1. Characteristics of Receiving Systems 


Requirements of the System 

The nature of the information to be displayed and the accuracy 
with which it is to be determined depend on the operational 
function of the radar set. In many cases, the range and 
bearing of a moving target such as an aircraft or surface vessel 
are required with considerable accuracy. In other cases, 
as in navigation and blind bombing, the relative intensities 
of echoes from buildings and topographical features of the 
terrain are important. 

In all cases the received power is small, and must undergo 
considerable amplification before it can be applied to the 
indicator tube. Means must also be provided for accurate 
ranging or the precise determination of the time delay between 
the emission of the transmitted pulse and the arrival of the 
echo from the target. Since the velocity of electromagnetic 
Waves is approximately 328 yards per microsecond, this delay 
is one microsecond per 164 yards, or 10-7 microseconds per 
statute mile. In practice, measurement of time intervals 
ranging from one or two milliseconds to a few microseconds 
is involved. 
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Since the transmitter emits pulses at intervals which may 
vary from 20 milliseconds to 500 microseconds, a cathode ray 
tube provided with a precision time base accurately synchron- 
ised to the transmitter, is an obvious method of solving the 
ranging problem. After amplification and demodulation in 
a receiver the incoming echoes may be applied to the cathode 
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Figure 216.—The basic elements of a radar receiver. 


ray tube causing cither deflection or intensity modulation 
of the electron beam as already mentioned in Chapter I. 
The basic clements of the two systems, are depicted in Fig. 216 
(a) and (4) respectively. The first type, known as a Class A 
display, utilises an electro-statically focused and deflected 
cathode ray tube in which the bearing of the target is obtained 
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from the azimuthal position of the aerial as shown on a suitable 
mechanical indicator, while the range is of course proportional 
to the distance between the echo and the main pulse on the 
face of the cathode ray tube. 


It will readily be appreciated that this display is very 
inefficient from the point of view of traffic handling capacity 
since the aerial must be stopped and set on the bearing of the 
target before data can be obtained. For this reason the plan 
position indicator described in Chapter II was developed 
and is now in almost universal use. Several modifications and 
refinements have been used, but the combination of intensity 
modulation, long afterglow screen and sweeping of the time 
base in synchronism with the aerial movement is usually 
employed. This development has not only solved the traffic 
handling problem but has provided the operator with a pictorial 
display capable of easy interpretation. The PPI display 
is particularly impressive when fitted to an airborne radar 
of high resolving power (see Plate I). Many other types 
of display have been developed for radar purposes, but they 
are all basically similar to those already described and will 
not therefore be referred to in detail. 


Comparison With Television Receivers 

At this stage it is interesting to compare the requirements 
of high quality television and radar receivers. In radar the 
time base is automatically initiated each time the transmitter 
emits a pulse, whereas in television the time base of the receiver 
normally runs freely but is synchronised by means of impulses 
inserted in the television carrier wave. However, linearity 
and accurate synchronisation of the time base are necessary 
in both cases, and the problems associated with intensity 
modulation are also comparable. The active horizontal 
scanning period employed in typical television receivers is of 
the order of 65 microseconds, corresponding to a radar range 
of only 6 miles. The time available for the return of the 
scanning spot after each sweep is oniy 10 microseconds, how- 
ever, whereas in radar we usually have at least 300 micro- 
seconds. This adequately ensures the restoration of circuit 
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equilibrium before the subsequent cycle. In both cases, a 
blanking voltage is applied to the cathode ray tube grid 
during the inactive interval. The spot is thus rendered visible 
only during the active interval, that is when useful information 
is being received. 


The basic difference in radar practice is that we are primarily 
concerned with obtaining quantitative data regarding the 
position of echoing objects, the most important being range. 
In television the problem is good qualitative reproduction 
of a moving scene; hence a very short persistence phosphor 
is required on the cathode ray tube screen and minor irregu- 
larities in linearity of the time base may not have serious 
consequences. 


Treating now the reproduction of the signal, we note that 
rapid changes in signal level are frequently occurring and that 
the times available for imparting the information to the 
radar observer or television viewer are roughly of the same 
order. The intelligence is therefore distributed over a consider- 
able frequency band, necessitating a wide frequency response 
characteristic in the receivers in both cases. However, the 
signal to noise ratio requirements differ considerably. In radar 
we can obtain useful information if the received signal power 
is of the same order as the ncise power in the input stages of 
the receiver whereas in television, signal to noise ratios below 
twenty to one result in unsatisfactory pictures. Another 
important difference lies in the permissible non-linear dis- 
tortion. In televisien, while some compression in the overall 
range of signal intensities is permitted, non-linear distortion 
is in general detrimental. In radar such distortion or even 
overloading is of small consequence, provided the circuits can 
recover rapidly. In fact when using intensity modulated 
displays it is advantageous to limit all signals to a predeter- 
mined level after demodulation. This greatly improves the 
display as otherwise groups of strong echoes would cause 
patches of high intrinsic brilliancy to appear on the screen. 
Burning and defocusing are then prone to occur and the 
visibility of adjacent small targets is impaired. 
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Other common features will be apparent after reading 
Chapters XII and XIV, but enough has been said at this stage 
to indicate analogous and differing requirements. 

We may therefore regard a radar receiving system as being 
composed of three distinct units, namely the cathode ray tube 
which displays the information, a timing unit which initiates 
the sequence of circuit operations essential to accurate range 
measurement, and a receiver whose function is to amplify and 
demodulate the received signals before they are applied to the 
cathode ray tube. In practice all these units may be housed in 
one receptacle or they may be separated, depending upon such 
factors as portability, land or airborne location, ete. 
Plates XII, XIII (a) and XIII (6) are photographs of typical 
receiving units. 


2. The Cathode Ray Tube 


The cathode ray tube has received a great deal of attention in 
the past few years which has led to important improvements, 
but not to any fundameutally new techniques. Since we 
have assumed the reader is familiar with the basic theory and 
constructional features of pre-war tubes, only general design 
innovations will be mentioned here. 

The major requirements are robustness, adequate screen 
illumination and afterglow, small spot diameter and uniformly 
good focusing over the full tube face. These characteristics 
should be obtainable with moderate accelerating potentials, 
otherwise additional circuit complexity is introduced to com- 
pensate for the reduced deflection sensitivities, quite apart 
from additional power supply problems. Finally, there must 
be adequate screen area for plotting purposes, although inercas- 
ing the screen diameter does not necessarily improve the 
resolution. 


Classification of Types 

Tubes in general use may be classified into two main groups 
depending upon whether the focusing and deflection are 
electrostatic or magnetic. The former are used mainly for 
Class A displays. test equipment and monitoring, and are 
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therefore usually fitted with medium persistence screens 
(about 2 milliseconds). They do not differ in any great detail 
from pre-war types except that in some cases additional 
acceleration is imparted to the beam after deflection. This 
produces higher screen illumination without appreciable 
reduction in deflection sensitivity. 


The magnetically deflected types are commonly used in 
intensity modulated displays and are usually characterised 
by a special screen construction that produces an afterglow 
of the order of 30 seconds which is essential for efficient plan 
position presentation. They have greater beam current 
densities and better illumination and focusing properties 
than the electrostatic types when operated at similar anode 
potentials. Since the focusing and deflection fields are ob- 
tained from external coils a simpler tube construction results. 
Production variations in electrical characteristics are in turn 
lessened due to the reduction of tube elements. Many types are 
available, but we shall confine our attention here to the American 
types 12DP7, 7BP7, and 5FP7, illustrated in Plate XIV (a). 
These tubes have given excellent service in radar and are 
similar to one another except for size. Their overall length 
is relatively short and the tube faces are made flat by using 
pressed instead of blown glass in the case of the 5FP7 and 
7BP7 types. Practically the full diameter can then be used 
for accurate ranging and plotting. A double layer screen, 
sometimes termed a cascaded phosphor, is utilised to achieve 
the long afterglow characteristics. The sulphide layer adjacent 
to the glass produces an orange phosphorescence lasting many 
seconds when excited by ultra violet radiation. Directly 
behind the first layer lies a sulphide which emits a short 
persistence blue light with an ultra violet component when 
excited by the impinging electron beam. This light is partially 
absorbed by the glass-backed layer which then emits the long 
persistence phosphorescence. An orange filter placed over 
the tube face attenuates any residual blue light from the 
second layer. Short persistence operation, but at reduced 
efficiency, may be obtained by using a blue in lieu of an orange 
filter. 





The upper rack houses the superheterodyne receiver, below which is 
situated a five inch cathode ray tube and the timing circuits. The 
other units are power supplies, switch panels, etc. (see p. 325). 


Prare XII A land-based air-warning receiver. 





(0) The plan-position indicator of a naval surface radar search set. ty pe 
A276 (see p. 325). 
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(a) Typical magnetically focused and detlected cathode ray tubes used ini 
PPL indicators (Types 12DP7, 7TBP7 and SFP7) 
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The sole disadvantage of magnetically operated tubes lies in 
the extra complexity of the deflecting circuits. The correct 
current waveforms for magnetic deflection are, in general, 
more difficult to produce than the voltage waveforms used in 
electrostatically deflected tubes. In addition the weight of the 
focusing coil and deflection yoke amounts to several pounds. 
For these reasons some electrostatic tubes are fitted with long 
persistence screens and used for intensity modulated displays 
in lightweight airborne equipment. 


Some excellent electron gun structures have been developed. 
These include an auxiliary anode which has essentially the 
same function as the screen grid of a pentode, and reduces the 
dependence of beam current intensity and cut-off bias on the 
potential of the accelerating anode. This auxiliary anode is 
also useful for blanking purposes. Accelerating potentials 
ranging from 4 to 6 kilovolts are used and in many cases the 
spot may be focused down to a diameter of 0-3 millimetres. 
In the majority of applications a 5- or 7-inch screen suffices 
and if operated under conditions of low ambient illumination 
good sensitivity is obtainable. 


Special Types 

When a larger screen is necessary for detailed plotting and 
simultaneous viewing by several observers under normal 
lighting conditions a special tube, known as a skiatron? 
[Plate XIV ())] is used with the optical projection scheme shown 
in Fig. 217. Its screen diameter seldom exceeds three inches 
and the active agent in the screen material is usually potassium 
chloride which has the property of changing its colour when 
bombarded by electrons. Echoes are revealed, therefore, not 
as small light sources on the screen, but by patches of different 
colour, a deep magenta in this instance. They are readily 
visible under strong external illumination and are suitable 
for projection. The decay characteristic depends upon 
several factors, chiefly the screen temperature. A typical 
skiatron may be operated between 30 and 40 degrees cent igrade 


The skiatron colour trace tube,” Telecommunications Research Estab- 
lishment, Report 7/R.379, 1943. 
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and illuminated by 10,000 foot-candles of mercury light. 
Under these conditions the decay period is about 10 seconds 
but it may be varied from a few seconds to a few days with 
suitable temperature control. 

Requirements also exist for viewing short persistence tubes 
in daylight without a visor. A good example of a suitable tube 





Indicotor consisting of a Skitron 
and on optical projection unit. 






Receiver, timing unit and 
power supplies 


Figure 217.—A receivor incorporating a skiatron for large-scale plotting 
and simultaneous viewing by several observers. 


is the VCR526.2 [Plate XIV (c)] in which adequate illumination 
has been obtained by the use of a high beam current density of 
about 200 microamperes, together with a post deflection 
acceleration potential of 2500 volts and a willemite screen. 
The tube is compact, having an overall length and screen 
diameter of 10 and 2? inches respectively. 


Research has recently been directed to the production of a 
screen material that not only fulfils these daylight require- 
ments but is also suitable for night viewing without impairing 
the sensitivity of the dark-adapted eye. In the latter case 


* J. Sharpe, ** The development of the VCR526 cathode ray tube for day- 
light viewing,” General Electric Company (Wembley) Research Laboratory, 
Report 8645, March, 1945. 
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a deep red filter is placed over the screen and the overall 
luminous efficiency is stated to be as good as that of powders 


which fluoresce by themselves to give a red light of the same 
colour.’ 
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Figure 218.—Tho basic timing operations in a radar receiver (refer text). 


3. The Timing Unit 
This unit includes circuits for ranging, beam deflection and 
the generation of waveforms to accomplish rapid electronic 
switching. Coincident with each transmitted pulse, a sequence 
g. 


*>R. G. Hopkinson, ** Cathode ray tube screens for daylight and for night 

viewing 4 General Electric Company (Wembley) Research Laboratory, 
gs ¢ 
Report 8713, August, IH). 
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of accurately timed operations is initiated, as shown in Fig. 218. 
Confining our attention to one pulse repetition period 77, 
the interval 7,7,’ corresponds to the time delay of an echo at 
the maximum range of the system and represents the active 
period during which useful information is received and the 
timing circuits are operative. The pulse repetition period 
should exceed this time by a few hundred microseconds to 
ensure the restoration of circuits to their quiescent state 
before the subsequent cycle 7,7',. Coincident with the start 
of the transmitter pulse at 7’) is a trigger pulse (6), which 
initiates the following set of waveforms and controls their 
accurate relative timing. Firstly a rectangular pulse (c) 
termed a gate, which controls the duration of the active 
period 7'47',;' and at the same time switches on the cathode 
ray tube beam for this interval ; secondly a linear time base (d) 
which deflects the beam; and thirdly a sinusoidal oscilla- 
tion (e) whose period is accurately defined. In the case 
illustrated a calibration “ pip ” (f) is produced each time the 
sine wave crosses the zero axis in the decreasing direction. 
The interval between the emitted pulse and the receipt of the 
echo may then be measured by reference to this known time 
scale. Circuit details, refinements and variants are given in 
Chapters XIV and XV. 

The unit may also contain circuits from which azimuth and 
sometimes elevation data are obtained. In a practical system 
several range scales may be provided by switching the gate 
length, time base velocity and timing oscillator frequency. 
Range may be measured to within 25 yards without undue 
circuit complexity or special operational skill. 


4. The Superheterodyne Receiver 


The limitations of vacuum tubes as amplifiers at ultra-high 
frequencies, due to the increased input conductance arising 
both from cathode lead inductance and transit time of the 
electrons, are well known.4 At these frequencies the inter- 


4M. J. O. Strutt and A. van der Ziel, ‘‘ The causes for the increase of input 
admittance of modern high frequency amplifying tubes on short waves, 
Proc. I.R.E., Vol. 26, August. 193s. pp- 1011-32; and W. R. Ferris, ‘* The 
input resistance of vacuum tubes as ultra-high frequency amplifiers, 
Proc. I.R.E., Vol. 24, January, 1936, pp. 82-105. 
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stage loading becomes so severe that the amplification may 
fall below unity above a critical frequency which is dependent 
upon the valve construction. Hence in radar receivers the 
superheterodyne principle has found almost universal applica- 
tion, most of the amplification taking place at a frequency 
lower than that of the input signal. The following sections 
discuss only the general consideration affecting receiver per- 
formance ; details of amplifiers, mixers, etc., are given more 
fully in subsequent chapters. 


Bandwidth Requirements 


The bandwidth and selectivity requirements differ greatly 
from those of the conventional broadcast receiver since the 
radar transmitter is, in effect, pulse amplitude modulated. 
Fourier analysis of a rectangular pulse, as indicated in Fig. 219, 
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Figure 219. A recurrent rectangular pulse. 


yields the spectrum shown in Fig. 220,° where the abscissae 
represent the order of the harmonic and the ordinates their 
relative amplitudes. ‘To preserve generality the harmonics 
have been expressed in terms of 7'/d, where T is the pulse 
repetition period and 06 is the pulse duration. For the ideal 
pulse shown an infinite number of harmonics exists. A radio 
frequency carrier modulated by this type of pulse will there- 
fore radiate a large number of side bands, spaced at intervals 
equal to the pulse repetition frequency and symmetrically 
disposed on either side of the carrier. The corresponding side 
band energy distribution up to the second zero is shown in 
Fig. 221. Note that a large portion is contained in a band 


SE. A. Guillemin, Conmnunication networks. Wiley, New York, 1931, 
Vol, 2, Chapter XI. 
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2/6 megacycles per second wide, centred on the carrier fre- 
quency f,, and that the position of the zeros is f, + 1/6 mega- 


s| i req Ls 
5 tt 6 6 


Order of Harmonic 
Figure 220.—Fourier analysis of the pulse shown in Fig. 219. 
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Figure 221.—Relative side-band energy radiated from a transmitter whose 
ia (f,) is modulated by the rectangular pulse shown in 
cycles per second and f, -- 2/5 megacycles per second, inde- 

pendent of the repetition period 7. 
If perfect reproduction of the pulse were essential the 
receiving circuits would have to pass all the pulse component 
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frequencies with negligible amplitude and phase distortion. 
In practice the permissible distortion depends upon the opera- 
tional requirements of the radar sct. The distortion produced 
in a network can be calculated if its phase and amplitude 
characteristics are known.’ Such treatment however is 
beyond the scope of this book. It will suffice to present some 
semi-empirical design rules which are applicable to several 
stages of single tuned, isochronous circuits as commonly 
employed in radar because of their suitability for production 
methods. 


Where maximum sensitivity is the paramount consideration, 
the bandwidth between the half-power points of the receiver 
frequency response characteristic is usually chosen to be 


B= Bandwidth (Mc/s). 6=Pulse length (u secs) 
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Figure 222.—The effect of bandwidth on the visibility of small signals 
in the presence of noise. The optimum bandwidth is the reciprocal of 
the pulse duration 


1/6 megacycles per second, where 6 is the pulse duration in 
microseconds. ‘Thus for a pulse of one microsecond duration 
the bandwidth would be one megacyele per second. Small 
signals viewed on a cathode ray tube against a background of 
noise are most easily seen under these conditions. The effect of 
departures from the optimum is shown in Fig. 222. Note 
that the maximum is broad, a considerable advantage in 
some cases where other practical considerations necessitate 
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departures from the optimum. Radar systems use pulse 
durations ranging from 20 microseconds to 0-1 microseconds. 
The longer pulses are used for search radars and the shorter 
in high discrimination sets. Receivers, therefore, have band- 
widths ranging from 50 kilocycles per second to 10 megacycles 
per second. The majority fall within the range of 0-25 to 
2 megacycles per second. 
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Figure 223.—The effect of receiver bandwidth on the reproduction of an 
echo whose power is considerably greater than receiver noise. 


When high ranging accuracy is required it is essential that 
a clearly defined reference point on the echo, such as its leading 
edge, be provided. The transition time, usually taken as the 
time required for the receiver output pulse to rise from 10 to 
90 per cent of its maximum amplitude, must then be con- 
siderably smaller. Under these circumstances the bandwidth 
may be of the order of 46 megacycles per second. Fig. 223 
depicts the appearance of a strong echo after demodulation 
for a variety of bandwidth conditions. The subject is treated 
in greater detail in the following chapter. 
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Sensitivity 


Since sensitivity is of major importance in most applications 
considerable effort has been expended in improving receiver 
techniques. From equations (4) and (5), Chapter II, we note 
that the ultimate free space range d, is proportional to (P/p,)* 
where P is the peak transmitter power and p, the minimum 
detectable signal power of the receiver. Thus a two to one 
reduction in p, increases d, by about 19 per cent. Such a 


reduction in p, has the same overall effect as doubling the 
transmitter power. 


The ultimate sensitivity of the receiver is limited by “ noise ” 
arising from thermal agitation in conductors and by the 
irregular nature of electronic emission in vacuum tubes. The 
fluctuation in the anode current of pentodes is greater than 
that of triodes due to “screen partition noise ” arising from 
the random division of the cathode current between the screen 
and the anode. These noise currents cause fluctuating voltages 
to be developed across grid-cathode impedances, and after 
amplification, result in noise modulation of the electron beam 
of the indicator. In general a small echo can only be dis- 
tinguished if its power is of the same order as that due to 
noise. Since noise is uniformly distributed over an infinite 
frequency spectrum, the noise power output of the receiver 
decreases linearly with bandwidth. However, as already 
indicated, at values below 1/0 megacycles per second the 
severe pulse distortion which occurs outweighs the advantage 
of decreased noise power output. It will be assumed there- 
fore in subsequent discussions that the optimum bandwidth B, 
or 1/6 megacyeles per second is employed. 


In the specification of receiver sensitivity it is usual to com- 
pare the signal to noise power ratio of the receiver with that 
of a fictitious ideal receiver assumed to be noise-free and having 
an infinite input impedance. If the ideal receiver is connected 
to a signal generator of electromotive force v,, and resistance 
R, (Fig. 224), the output noise is caused solely by thermal 
agitation voltages sct up in &,. It is easily shown that when 
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v_ is adjusted for an output signal to noise power ratio of 
unity, the available power P of the generator is given by 


PSP UR 
where k is Boltzmann’s constant (1:37 x 10-3 joules per 
degree centigrade), 7, is the temperature of R, (degrees 


Kelvin), and B is the receiver bandwidth (cycles per second). 
When a similar procedure is applied to a practical receiver it 


Ideal Receiver 
Power Output 


Meter 


(Noise free) 





Figure 224.—A diagram illustrating the measurement of the power 
sensitivity of the ideal receiver. 


is found that the available power of the generator must exceed 
kT,B by a factor N. This is defined as the noise factor of 
the receiver. The additional noise is produced in the valves 
and the resistive components of the interstage impedances. 

The use of the available power of the signal generator in 
this definition rather than the generator voltage applied to the 
receiver input terminals as in broadcast receiver practice is 
preferable for several reasons. Power is more general and 
fundamental than voltage and the thermal limit, or datum 
level, is k7’,B which is the available noise power of any re- 
sistance at temperature 7’,.6 Again it would be necessary 
to measure the input impedance of the receiver before its 
terminal voltage could be calculated, for under conditions of 
optimum sensitivity, the generator and receiver impedance 
are not necessarily matched.” 

When the receiver is connected to an aerial, », and Ra 
become the induced signal voltage and radiation resistance 
respectively. Burgess* has shown that, although radiation 


6 J. B. Johnson, ** Thermal avitation of electricity in conductors,” Physical 


Review, Vol. 32, July, 192s. py 97-109. 
7E. W. Herold, ** An analy~i~ of the signal to noise ratio of ultra high 
frequency receivers,” R.C.A. Reve. Vol. 6, January, 1942, pp- 302-31. 
®R. E. Burgess, ** Noise in receiving aerial systems,’ Proc. Physical Society, 


Vol. 53, May, 1941, pp. 293-304. 
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resistance is not itself a source of thermal 


agitation noise, the 
Johnson ® formula (P 


= kT ,B) can be correctly applied when 
the aerial is in radiative equilibrium with its surroundings. 
In practice we can usually assign the ambient temperature 
to Ry. The reader is referred to Burgess’s paper for further 
discussion on the correspondence between thermal agitation 
noise and black body radiation phenomena. 

In laboratory measurements of noise factor the signal to 
noise power ratio at the second detector is measured using a 
CW signal generator, but in practice the sensitivity at the 
cathode ray tube is the more important criterion. Since the 
signal at this stage is transformed into a small bright spot, 
the ultimate sensitivity depends on physiological factors. 
Under ideal conditions when the noise background is_ per- 
fectly uniform the eye can detect a signal whose level is suffici- 
ent to produce a 2 per cent increase in brightness over the 
background level. Payne-Scott has shown® that under these 
conditions we can detect a signal whose power is 15 to 
18 decibels below the noise power, depending upon the type of 
detector and the ‘transconductance ” of the cathode ray 
tube. However in practical radar systems the noise back- 
ground is far from uniform and in addition other factors tend 
to prevent this limit being attained. Some of the system 
parameters influencing the visibility of small signals in inten- 
sity modulated displays are pulse repetition frequency, pulse 
duration, bandwidth, time base speed and the radiation 
pattern and speed of rotation of the aerial. The properties 
of the cathode ray tube itself including those of the screen 
and the electron gun structure, are also important. Although 
many existing radar systems can detect signals whose powers 
are of the same order as noise in the input circuits, it is pre- 
ferable to calculate the sensitivity at the cathode ray tube 
making use of the basic theory and charts in Payne-Scott’s 
paper. 


* Ruby Payne-Scott, ** The ultimate v isibility, of signals on a PPI display, 
and the effect of electrical parameters on visibility,” C.S.LR. Radiophysies 
Laboratory, Report RP 252 1, May, 1945; and ** Charts for the calculation 
of smallest signal visible on PPI displays,” C.S.I.R. Radiophysics Laboratory, 
Report RP 252/2, July, 1945. 
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Other Receiver Considerations 

The overall amplification of the receiver must be adequate 
to raise the fluctuating noise potentials in the input circuit 
to a level of sufficient magnitude to modulate the electron 
beam of the cathode ray tube; otherwise signals of the same 
magnitude as noise will not be discernible. Voltage gains 
ranging from 10® to 108 are required depending upon the noise 
factor, bandwidth and cathode ray tube sensitivity, while 
provision for the aging of tubes and for production tolerances 
is made by providing ten to twenty decibels reserve amplifica- 
tion, a manual gain contro] permitting adjustment to the 
optimum level. 

The intermediate frequency employed usually lies between 
15 and 60 megacycles per second, a value of 30 megacycles per 
second being very common. Some of the reasons dictating 
the employment of such high frequencies are the width of the 
frequency band containing significant side band components 
and the ease of separation of intermediate and video frequency 
components after detection. On the other hand excessively 
high intermediate frequencies should be avoided owing to 
high grid input admittances, alignment problems and mech- 
anical difficulties in the provision of the necessary transmission 
line tuning. 

Radio frequency amplification is seldom employed at wave- 
lengths shorter than 25 centimetres. Instead the signal is 
changed immediately to the intermediate frequency by the 
use of a crystal converter as described in Chapter XII. At 
longer wavelengths triodes and pentodes give useful radio 
frequency simplification and improve the signal to noise ratio 


of the receiver (Chapter XII1). Triodes are also useful in this 
range as local oscillators and mixers. Klystron local oscillators 
are normally cniployed in the centimetre range of wavelengths, 


although disc 0] triodes such as the GL446 are also used. 
A detailed discussion of local oscillators and mixers will be 
found in Chapters NI ind XII respectively. 

The reflex klystron tule is useful when automatic tuning is 
necessary. Automatic frequency control (AFC) is usually 
employed at frequencies above 2000 megacycles per second, 
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since the local oscillator and magnetron frequencies both vary 
to some extent. Without AFC the intermediate frequency 
generated will not be effectively amplified since it may depart 
from its nominal value. The overall receiver sensitivity may 
show signs of deterioration if this departure is as great as one 
quarter of the overall bandwidth. For example, assuming a 
signal frequency of 3000 megacycles per second and a band- 
width of 1 megacycle per second, stability better than 1 part in 
12,000 is required. In such cases AFC is imperative. The 
basic method is to use the leakage power from the TR switch 
(see Chapter IX). After amplification this power is fed into 
a Foster-Seeley discriminator followed by an_ integrating 
circuit. The latter converts the rectified pulses into a DC 
potential, which after further amplification is used to control 
the reflector potential of the klystron. The dependence of 
the frequency on the voltage of this electrode (see Chapter VI) 
thus eliminates the problem of providing electronic reactances 
at these frequencies. In some cases special klystrons have 
been developed to give adequate AFC operation. AFC in 
pulse reception presents some special problems, which have 
been dealt with both by Mills and by Strandberg.!° If exces- 
sive frequency drifts occur the simple AFC circuits just de- 
scribed may be ineffective. In such cases additional circuits 
have been designed to search automatically for the correct 
local oscillator frequency after which the normal AVC circuit 
again assumes control and switches off the searching circuit. 


Other units of a radar receiver such as the second detector, 
video amplifier, cathode follower, etc. are in the main con- 
ventional. Special circuits and techniques are given in 
succeeding chapters. 


Typical Receivers 


Typical receivers in schematic form are shown in Figs. 225 
and 226. The former is suitable for wavelengths of the order 


10 B. Y. Mills, ‘© AFC in radar receivers,” C.S.ILR. Radiophysics Laboratory, 
Report RP 214, August, 1944; and M. WP. Strandberg, “ Some automatic 
frequency control circuits, Massachusetts Institute of Technology Radiation 
Laboratory, Report 687, March, 1945. 
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of 14 metres while the latter is commonly used in the micro- 
wave region. The separation of the units as shown is purely 
for constructional and operational convenience and is not of 
basic importance, although some advantage is gained in 
reducing instability. There are of course variants and other 
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Figure 225.—Typical form of a superheterodyne receiver suitable for the 
1:5 metre range of wavelength. 
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Figure 221. A typical microwave (25 centimetres to 3 centimetres wave- 
length) superhetorodyne receiver. 


special features incorporated in many radar receivers but 
these are beyond the scope of this book. 

Fig. 227 illustrates the values of sensitivity typical of 
modern receivers under field conditions ; better performance 
is possible under controlled laboratory conditions. Curve (a) 1s 
the noise factor expressed in decibels above &7',B while 


§4] RECEIVERS 341 


curve (6) is the noise power of the complete receiver referred to 
the input terminals for an overall bandwidth of one megacycle 
per second. Curve (c) is included for comparison with domestic 
receivers. In this case the signal generator voltage required 
to double the noise reading at the second detector is given 
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Figure 227.— Average sensitivities at the second detector of radar re- 
B . 
ceivers operated under field conditions. 


assuming a bandwidth of 10 kilocycles per second and a 
generator internal impedance of 400 ohms. 


While radar has been responsible for the accelerated develop- 
ment of sensitive wide band microwave receivers, nothing 
as important as the discovery of the resonant cavity magnetron 
has resulted. The most notable advances have been in crystal 
mixers, low voltage klystrons. disc seal triodes and miniature 
pentodes and triodes suitable for high gain, wide band ampli- 
fiers. 


CHAPTER XI 


LOCAL OSCILLATORS 


For frequencies up to a few hundred megacycles per second 
the now well-known “ acorn ” type triode, or a valve of similar 
design, with a lumped or a twin wire oscillatory circuit, is used 
as the local oscillator in the radar receiver. At higher fre- 
quencies however the more conventional triode oscillators 
will no longer operate, and valves and circuits of special design 
must be employed. In this chapter we shall be concerned. 
with these special oscillators which have been developed to 
take over where the earlier designs fail, and to cover the fre- 
quency band known as the microwave region. 

In the field of microwave transmitting valves the magnetron 
holds undisputed sway, but for the local oscillator, and. also 
for test oscillators and signal generators, the requirement is 
somewhat different. It is that of an easily tuned, low power, 
continuous wave oscillator. When, as is almost invariably 
the case at micrewavelengths, the local oscillator is operating 
with a crystal mixer, a power output of not less than 20 milli- 
watts is necessary. For application as a test oscillator or 
signal generator, the oscillator should be capable of producing 
about 200 milliwatts. The requirements just outlined are 
satisfied by disc-seal triode oscillators or, especially for the 
very short wavelengths, by klystrons. 


1. Frequency Limitations of Triode Oscillators 


The tictors limiting the extent to which the frequency of a 
conventional triode oscillator may be increased have been 
treated © ‘ensively in the published literature.’ For this 
reason the si hject will not be considered in detail here, and we 
shall merely :-capitulate the main effects and point out the 
measures which have been taken to overcome them in the 
development of triode oscillator which will operate in the 
microwave region. 

The power requirement. of local oscillators are discussed in Chapter XU. 

2 See for example, R. I. Sarbacher and W. A. Edson, Hyper and Ultra- 


high Frequency Engineering (Wiley,New York, 1943) and the comprehensive 
bibliography included therein. 
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The three main frequency-limiting effects are : (2) inadequacy 
of the external oscillatory circuit, (b) excessive interelectrode 
capacity and lead inductance of the valve itself, and (c) finite 
electron transit time. 


The External Oscillatory Circuit 


As the operating frequency is increased, circuits made up of 
lumped inductance and capacity must give place to circuits 
with distributed reactance. For the longer decimetre waves 
a section of twin transmission line with adjustable short 
circuit is practicable, but at higher frequencies the physical 
dimensions of such a system become too small to be handled 
effectively, and the radiation losses become excessive unless 
the line is very carefully shielded. The problem is effectively 
solved by the use of a section of coaxial transmission line or 
of a resonant cavity, of which the former may be regarded as 
a special case. Such circuits are self-shielding, since radio 
frequency currents flow only on the internal surfaces. More- 
over, if the walls are silver- or copper-plated the ohmic losses 
in these circuits are very small. The microwave triode should 
therefore be designed for easy adaptation to such circuits. 


Capacity and Inductance of the Valve Structure 

These reactances of necessity form part of the oscillatory 
circuit, and ultimately limit the extent to which the resonant 
frequency may be increased. The commonly used coaxial 
electrode structure with wire leads is unsuitable from this 
point of view. However, the difficulty has been effectively 
overcome in the microwave triode with the adoption of a 
parallel plane electrode structure, as we shall see in the next 
section. 


Electron Transit Time 

A number of objectionable effects arise in a triode oscillator 
when the time taken by an clectron to travel from cathode to 
anode is comparable with the period of oscillation. In the 
first place the electron stream in a triode is density-modulated 
as it passes the grid so that, if the alternating grid potential 
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has time to change appreciably during the transit of a group 
of electrons, a net flow of current is induced in the grid in 
phase with the grid potential, and grid circuit losses become 
excessive. In other words, the grid input conductance in- 
creases appreciably ; it is found, for a given valve, to be pro- 
portional to the square of the frequency. Further, the trans- 
conductance of the oscillator is affected, the phase angle 
between anode current and grid potential changing as the 
transit time increases, resulting in reduced efficiency. This 
effect can be overcome to some extent by adjustment of the 
feedback to the grid circuit, but the range of operation of the 
oscillator is limited. 

The transit time effect is the most difficult problem to 
deal with. For a short electron transit time the electrode 
spacings must be very small. Since the electrode capacities 
must also be kept down, the whole structure requires to be 
physically small, and the power-handling capacity of the 
oscillator is therefore limited. We cannot then expect large 
power outputs from microwave triodes. 


2. Microwave Triode Oscillators 


The successful development of triodes which will operate 
down to centimetre wavelengths has been due largely to the 
introduction of the metal-glass disc-seal technique for the 
support of the electrodes. This allows a simple parallel plane 
slectrode structure to be used, and the electrode leads then 
become circular discs projecting straight through the glass 


envelope, The new construction allows the valve to be adapted 
very <viply to suitable oscillatory circuits ; it overcomes 
neatly i! problem of electrode lead inductances, since the 
leads now {come continuous with the walls of the external 
circuit ; and \t permits an electrode structure of reasonable 
physical dimensions, whilst maintaining small interelectrode 
capacities as well as small electrode spacings. 


A typical triode, the GL446 or 2C40 “lighthouse ” valve, 
manufactured originally by General Electric Company 
Schenectady,® is illustrated in Fig. 228. The electrode discs 


3. D. MeArthur, ** Disk-seal tubes,” Electronics, Vol. 18, February, 1945, 
pp. 98-102. 
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have spacings of a few thousandths of an inch and capacities 
of one or two picofarads. The base of the pillar on which the 
cathode is mounted is separated from the shell covering the 
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Figure 228.—Essential features of the lighthouse triode. For simplicity 
the octal base and lower glass seal are not shown. 
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about 1,000 megacycles per second. The cathode and heater 
leads come out through pins in a normal octal base. The 
overall height of the valve is 2 inches. 

Fig. 229 shows a similar type of triode, the CV90, made by 
the General Electric Company, Wembley,‘ and designed 
for direct insertion in a coaxial line circuit. The heater and 
cathode connections are in the form of a coaxial lead. Feed- 
back capacity between anode and cathode is provided inside 
the valve by the introduction of a pair of wires connected to 
the base of the cathode and projecting through the grid plane 
to the neighbourhood of the anode. In this way the normal 
interelectrode capacity between anode and cathode is increased. 


‘Anode high tension lead 







Tuning plungers —— 


Grid-cathode cavity 
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“~~ Anode-grid cavity 


‘stable anode to 
athode coupling 


Figure 23) Coaxial transmission line oscillator incorporating a light- 
house triode. 
Coaxial Line Oscillator 
Fig. 230 gives a sectional view of a coaxial line oscillator 
incorporating a lighthouse triode. The external circuit con- 


*G. W. Warren, R. J. Ballentine, E. G. James and A. E. Widdowson, 
“Valve type CV90,"" General Electric Company (Wembley) Research Labora- 
tories, Report 5063, October, 1942, and Report 8148, February, 1943. 
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sists of two concentric lines, one within the other, the outer 
one completing the cathode-grid circuit and the inner, the 
grid-anode circuit. The disc-seal construction of the triode 
allows the electrode supports within the valve to become 
continuous with the walls of the external cavities. Contact 
is usually made by springy fingers pressing against the disc- 
seal around the whole circumference. Very good metallic 
contact is essential between all adjoining parts carrying radio 
frequency current if circuit losses and leakage of power are 
to be avoided. 


The electrical length of each coaxial line is somewhat less 
than a quarter (or sometimes three-quarter) wavelength, and 
is controlled by a movable short-circuiting plunger which 
serves to vary the frequency of the oscillator. Each short- 
circuiting plunger is slotted to form a double ring of springy 
fingers which ensure good sliding contact with the cavity 
walls. Thus each line is equivalent to an inductive reactance 
which, with the terminating capacity formed by the corres- 
ponding pair of electrodes of the valve, completes one of the 
oscillatory circuits. The coaxial lines and the gt id are at 
earth potential. DC insulation between the cathode and the 
shell (which is at the grid potential) is provided inside the 
valve, and a similar by-pass condenser is inserted at the 
anode contact ; a quarter wave RF choke is also provided 
in the anode high tension lead, which comes out through 
the centre of the oscillator. For the maintenance of oscilla- 
tions some feedback is necessary between the anode-grid and. 
cathode-grid circuits. For this purpose the anode to cathode 
capacity of the valve is too small, but frequently the leakage 
of power through the slots between the spring fingers which 
contact the grid seal is sufficient to sustain oscillations. If 
necessary, additional feedback is easily arranged by the 
insertion of a metal rod through the two coaxial cavities, as 
shown in the figure. The amount of feedback is then con- 
trolled by the depth of penetration of the rod. Power output 
from the oscillator is taken through a coaxial line terminated 
by a coupling loop of suitable dimensions which is inserted 
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into the anode circuit, usually through the short-circuiting 
plunger because the magnetic field, with which the loop is 
coupled, is strongest there. 


Cavity Oscillator 


The essential features of the coaxial line oscillator just des- 
cribed are shown in Fig. 231 (a). Each of the oscillatory 


(a) 


(0) 
fares 
/ copacity 
(c) 
Figure 231. |*ssential features and equivalent circuit of the coaxial line 
and cavity o~ \!lators. (a) Coaxial line oscillator. (b) Cavity oscillator. 


(c) Equivalent circuit. 


circuits is totally enclosed by metal walls and may be regarded 
as a special type of cavity resonator. It is thus a simple 
step to proceed to other more convenient cavity forms which 
carry out the same function, If the two coaxial line cavities 
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are thought of as being straightened out parallel to the planes 
of the electrodes, instead cf bending around at right angles, 
the construction outlined in Fig. 231 (b) is obtained. Each 
cavity is a flat cylinder with a central post which, for the 
anode-grid cavity, is formed by the anode pillar of the valve 
and in the case of the cathode-grid cavity, is the cathode 
mount and valve shell. The electric field in each cavity is 
substantially vertical, and strongest in the centre between 
the valve electrodes. The magnetic lines of force form closed 
circles in horizontal planes, with their centres on the vertical 
axis through the centre of the cavity. For purposes of design 
the cavities may be regarded as sections of radial transmission 
lines, short-circuited at the outer edges, and presenting induc- 
tive reactances between the corresponding valve electrodes.* 
An equivalent circuit which applies to both the coaxial line 
and cavity oscillators is shown in Fig. 231 (¢c). The natural 
resonant frequencies of the cavity circuits are not equal to 
the oscillation frequency, but lie on opposite sides of it, the 
anode-grid circuit having the higher resonant frequency. 


A lighthouse oscillator using resonant cavities of the type 
just described is illustrated in Fig. 232.° The shell of the valve 
is earthed by a split-finger contact which forms part of the 
central pillar of the cathode cavity, and a special socket 
encloses the valve base to eliminate the residual power leakage 
which takes place through the internal by-pass from shell to 
cathode. A grid disc makes contact with the grid seal by 
spring fingers, and the grid is insulated from earth by a thin 
ring of mica which by-passes the grid dise to the cavity wall. 
The grid lead is brought out across the grid-cathode cavity 
through a small tube which, being close to the boundary wall, 
has little effect on the cavity inductance. ‘The anode insulation 
incorporates a radial transmission line type resonant choke 
and by-pass, filled with trolitul to reduce the physical dimen- 
sions ; in effect, it presents a very low impodance at the insula 
ting gap in the cavity wall and prevents leakage of RF power 
out of the anode cavity. Some feediack takes place from the 


5 R.N. Bracewell, ** A microwave triows oscillator,” C.S.LRK. Madi tiystos 
Laboratory, Report RP 261, September, 1945. 
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anode cavity to the cathode cavity through the grid contact 
fingers and by-pass, and additional feedback is obtained by 
means of a probe passing from one cavity into the other. 
Output from the oscillator is taken by means of a loop inserted 


HT 


a eteeheatl 
_ Ss 





‘igure 232.—Lighthouse triode cavity oscillator. 


in the anode cavity ; coupling is a maximum when the plane 
of the loop contains the axis of the oscillator. The coupling 
loop and feedback rod are shown in the same plane in Fig. 232, 
but would of course be displaced in the actual oscillator. 
Tuning of the cavitics is achieved by screwing metal plungers 
in through the walls ; insertion of plugs reduces the cavity 











(a) Internal view of a lighthouse triode cavity oscillator of the type 
illustrated in section in Fig. 232. A spare valve and the special valve 
socket are also shown, 





(b) Typreal ret Livstrons. Left: the CV35 reflex klystron with the 
eavity opened upoty show the mternal constraction. Right: the all- 
metal Acretles (ly tron showing the tuning mechanisrn and output 





probe (see p. 381). 


Piatk XV. 


facing p. 351 
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inductance and so increases the oscillator frequency. Changes 
in the anode-grid cavity inductance cause much greater 


variations in the output frequency than equivalent changes 
for the cathode-grid cavity. 


Plate XV (a) is a photograph of the oscillator just described 
showing the anode-grid cavity with the end-plate removed; 
the anode end of the lighthouse valve is visible in the centre. 
A spare valve and the special socket are shown on the right. 
This oscillator was made to operate at a wavelength of 
25 centimetres, and the cavities were cach 3 inches in diameter, 
A power output of 500 milliwatts was obtained, with an 
efficiency of 13 per cent. 


At a wavelength of 10 centimetres the lighthouse triode 
can be made to produce about 100 milliwatts, and the wave- 
length limit is 7 or 8 centimetres. The CV90 triode is capable 
of slightly higher power outputs but has about the same fre- 
quency limit. For wavelengths less than J0 centimetres 
klystrons are invariably used. 


3. The Klystron 


In the klystron the finite clectron transit time, instead of 
being a limitation as in the triode oscillator, is an essential 
factor in the operation of the valve, and the process of velocity 
modulation, by which the klystron functions, prov ides us with 
a means of producing oscillations at frequencies very much 
higher than can be attained by triodes. 


The velocity modulation principle was suggested as early 
as 1935, by two German scicntists.° as a means of producing 
very high frequency oscillations. Some further theorctical 
work on the subject was published in/ 1938, but it was not 
until the following year, with the independent publications 


© AL Arsenjewa-Heil and O. Heil Lene mene Methode eur Breeuguay hurzer, 
ungedimpfter, cleltramagnetische r Weller qeosser Intensitat,” Zeits. f. Physik, 
Vol. 95, July, 135, 

7. Briiche and A. Recknazel, “Cher die Phasenfokussieruny bei der 
Elektronenbewegung ot schnell randerlichen elektrischen Feldern,’ Zits. f. 
Physik, Vol. 108, March, [93S. pp. 499-2. 
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of Hahn and Metcalf and of R. H. and S. F. Varian,® that the 
potentialities of the new type of microwave oscillator were 
fully realised. The name “ klystron” was invented by the 
Varians to describe their oscillator which employed velocity 
modulation and also introduced special types of cavity re- 
sonators for the two tuned circuits associated with the valve. 

More recently a very useful modification of the Varians’ 
double resonator klystron has been developed. This oscillator, 
designed originally by Sutton of the Admiralty Signal Estab- 
lishment, is now usually called a reflex klystron. It requires 
only one cavity resonator, and although less efficient and 
having a smaller power handling capacity than its predecessor, 
is simpler to make and to operate. It is now invariably used 
in preference to the double resonator klystron as the local 
oscillator in centimetre wave radar receivers. However, the 
double resonator klystron is still of considerable interest to us, 
firstly as a logical introduction to the operation of the reflex 
klystron, and secondly as a microwave oscillator suitable for 
applications where an output power is required of magnitude 
greater than that possible with the reflex klystron. Conse- 
quently the double resonator klystron will be used here as the 
model for an introduction to the klystron principles and theory, 
and some typical double resonator valves will be described 
to illustrate the methods of design now commonly employed. 
With this discussion as an introduction, the operation of the 
reflex klystron and its application as a local oscillator in the 
1:dar receiver will be considered in detai) in subsequent 

‘ions. 


Velocity Modulation 


The ¢--citial features of a double resonator klystron are 
shown it Fur, 233 (a). A parallel beam of electrons is accel- 
erated from 1 cathode K to the first grid A by a direct potential 
difference |. [f the emission velocities of electrons are 
neglected. it cin be assumed that all electrons cross grid A 

PW. C. Hahn ani G. F, Metcalf, * Velocity-modulated tubes,”’ Proc. 


IRE. Vol. 27, February, 1939, pp. 106- 16; and R. H. Varian and 
S. PF. Varian, ** A high tr une ug ‘y y coctiatny and amplifier,” Jour. Appl. Phys., 
Vol. 10, May, 1939, pp. 321 
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in a uniform beam with a velocity v, given by }mv,? = eV, 
where m is the mass and e the charge of an electron. 

Suppose that between the grids B and A there exists a small 
alternating potential difference 1 = V, sin wt, which is repre- 
sented by the sine wave in Fig. 233 (b), and that these grids 
are sufficiently close together for the time of transit between 
them of an electron with velocity v, to be small compared with 
the period of the alternating potential. An electron passing 
from A to B at a time ¢’, when B has its maximum negative 
potential relative to A, will be retarded, losing kinetic energy. 
An electron crossing 4 B a quarter of a cycle later, at the time 
v’’, will emerge from grid B with unchanged velocity v9, while 
an electron passing 4B at time ¢’’’ will be accelerated by the 
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Figure 233.—Schematie representation of the klystron.  («) Essential 
compononts of the klystron. (b) RF potential of grid B relative to 
grid Al. 


alternating field, and so on. Thus the electron beam emerging 
trom grid B, although still of virtually constant charge density, 
possesses a small velocity modulation superimposed on the 
steady velocity vo. 

The region between the grids B and C is assumed to be a 
field-free space. As the electron beam travels through this 
region the relatively fast electrons begin to catch up on the 
slower ones ahead of them, whilst the slowest electrons lag 
behind those of average speed. In this way the electrons tend 
to form themselves into groups or bunches, and a density- 
modulated beam is derived from the criginal velocity -modu- 
lated beam. It will be noticed that tlic electrons at the centre 


’ 
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of each group will be those which crossed the grids A, B at a 
time such as ¢’’, when the field there was passing through zero 
from the direction which retarded electrons to the direction 
which accelerated them. 

If the beam is allowed to drift far enough in the field-free 
space, the fast electrons will actually overtake the slower ones 
originally ahead of them, and the bunches will begin to spread 
out again. Thus the electron groups will be most concentrated 
at a definite position down the tube BC, the position depending 
on the initial velocity v9 of the electrons and on the amplitude 
of the alternating potential difference V,. Suppose that the 
pair of closely spaced grids C and D is situated at this position, 
and that there is connected between them an oscillating circuit 
tuned to the angular frequency @ of the input signal V. If 
the phase of oscillations in this circuit is such that, at the 
moment when the centre of an electron group passes between 
C' and D, the maximum retarding field exists across these 
grids, then energy will be given up by this electron bunch to 
the oscillatory circuit. By the time the next electron group 
has arrived at C.D the phase of the oscillations will again be 
correct for the retardation of the electrons, so that the density- 
modulated electron beam continuously reinforces the oscilla- 
tions. 

The electrons emerging from the grid D with a small residual 
kinetic energy are finally collected on an auxiliary electrode Z. 

Since the electron stream crossing the first grids 4 and B 
‘s not density-modulated, it is clear that the power required to 

locity-modulate the beam is very small. If the alternating 
| intial I’, sinwt is supplied from a separate source, the 


s\n acts as an amplifier. If a part of the energy in the 
oscil. tory eireuit connected to C and D is fed back in the 
correc! jase to the grids A and B, the system becomes an 


oscillator. 


Resonant Cavities for Klystrons 

The most suitable form for each oscillatory circuit of the 
klystron is a cay ity resonator, of which the grids form part 
of the boundary walls, A simple shape such as a sphere or 
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cylinder is not satisfactory since the time of transit of an 
electron across the cavity requires to be small compared with 
the period of oscillation. The most suitable shapes are a 
toroidal or doughnut-shaped cavity or a cylinder with an 
inner post, as illustrated in cross section in Fig. 234 (a) and (b). 
The thin lines with arrows indicate the direction and relative 
intensity of the electric fields which develop inside the cavities 
when they are oscillating. In each of the cavities represented 
the grids are close together, and the electric field intensity is 


(9) 


(b) 


Figure 234.—Resonant cavities suitable for klystrons. The cavitios 

have circular symmetry about the vertical axis. The olectric fields are 

represented by thin lines carrying arrows. (a) Toroidal cavity. 
(b) Cylindrical cavity with inner post. 


strongest in the narrow gap region where the electrons pass 
across the cavity; the magnetic lines of foree form closed 
circles in planes perpendicular to that of the section shown. 
with centres on the vertical axis of the cavity. 

Fig. 235 (a) suggests a way in which the cavities may be 
regarded as being built up from a simple parallel plate con- 
denser and loop inductance. An equivalent circuit of the 
cavities is represented in Fig. 235 (4). Wlystron cavities are 
usually made of copper, for which t)¢ conductivity is large 
and the resistive losses in the w:!!s correspondingly small. 
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Such cavities have large unloaded Q-factors and correspondingly 
large shunt resistances R.? The shapes of the actual cavities 
employed may vary slightly from those indicated in Fig. 234, 
but their features are essentially the same as for the cavities 
just discussed. 





(a) (b) 


Figure 235.—Equivalent circuits for klystron cavities. (a) Develop- 
ment of a toroidal cavity from a condenser and loop. (b) The con- 
ventional LRC circuit to which a klystron cavity is roughly equivalent. 


Tuning of klystron cavities may be carried out in either of 
two ways, the choice of which is dependent on the mechanical 
construction of the valve. 

In the first method the effective capacity of the cavity is 
varied by altering the gap spacing. When this method is 
adopted, a portion of the cavity wall is made flexible so that 
the grids may be pulled further apart or pushed closer together 
with the aid of screw adjustments. This scheme is often 
used when the whole of the cavity forms part of the vacuum 
system. Reduction in the grid spacing increases the gap 
capacity and lowers the resonator frequency. 

Secondly, the inductance of the resonator may be changed 

inserting metal plugs into the cavity through the side 
\ where the magnetic field is relatively strong. This 
me: is usually adopted when part of the resonator is 
exter. \| ‘o the vacuum system. Insertion of plugs into the 
cavity “oluces the effective inductance and increases the 
resonant !equency. 


Essential Construction of the Klystron Oscillator 
A schematic view of a klystron oscillator with its cavity 
resonators is shown in Fig. 236. The parallel electron beam is 


*See Chapter VI, section 7, for the definition and calculation of Ry. 
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produced by an electron gun with indirectly heated cathode. 
For convenience the resonator system is earthed, and the 
cathode is maintained at a negative potential with respect 
to earth. The first resonator, termed the buncher, produces 
velocity modulation of the electron stream. Beyond the 
enclosed drift space the second resonator, called the catcher, 
extracts energy from the now density-modulated beam. 


Feedbock line 
Buncher cavity Calcher cavity 
Control grid 

Collector 
1 Dif 
Cathode = 
ny atalel 
= Orift space 
Output 


Figure 236.—Diagram of a klystron oscillator with cavity resonators. 


Finally a collector at or near earth potential removes the 
electrons. The collector is so constructed as to dissipate 
readily the residual electron energy. High frequency power 
is fed into or abstracted from either cavity resonator by a 
loop terminating a suitable coaxial feeder. and coupled to the 
magnetic field inside the cavity. The degree of coupling may 
be adjusted by varying the size of the loop or by rotating it ; 
with a given loop the coupling is a maximum when the plane 
of the loop contains the axis of the cavity, in which position 
maximum coupling with the magnetic field is obtained. Peed- 
back of a small amount of radio frequency energy from the 
catcher to the buncher is achieved by coupling loops joined 
by a short length of coaxial line, the «\uplitude of the fced- 
back being controlled by adjustmen! of the loops, and the 
phase to a limited extent, by the |igth of the line 
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4. Conditions for Oscillation 


As has been mentioned during the qualitative discussion on 
the operation of the klystron, there are two main requirements 
for efficient oscillation. Firstly the catcher grids must be 
situated at the position along the drift-tube where the electron 
bunches are of the best form for the transfer of energy to the 
catcher circuit. Secondly, the central electrons in a bunch 
must pass the catcher grids when the radio frequency field 
between these grids has its maximum retarding value. A 
quantitative investigation of these requirements is of con- 
siderable assistance to an understanding of the operation of 
the klystron. We shall therefore examine the theory briefly. 

A simple mathematical analysis of electron bunching and 
power transfer to the catcher, which applies under certain 
limiting conditions, was given by Webster in 1939 for the case 
of the double resonator klystron.!° During the war this theory 
has been amplified and extended to cover much more general 
conditions. The principal contributors to the field have been 
Petrie, Strachey and Wallis, and Barford.4! In addition some 
work which follows the same lines has been published by Black 
and Morton, und by Harrison.!* 

We shall content ourselves here with a simple analysis since 
this forms a satisfactory basis for the more exact theories, 
and is sufficient to provide a general understanding of the 
functioning of the klystron. To begin with, the following 
assumptions will be made. 

Electrons leave the cathode with zero velocity and travel 

parallel beam through the buncher grids, the loss of 
ek ns to the grids being neglected. The amplitude of the 


alte: ing potential difference between the buncher grids 

20Ds Ie. Hi abster, ‘* Cathode-ray bunching,” Jour. Appl. Phys., Vol. 10, 
July, 1980. \\,. 501-8 

MD. P. 1. iv trie, Cc. Strachey and P. J. Wallis, ‘‘ The theory of velocity 
modulation, ‘a series of internal reports of the Valve Laboratory, 
Standard Tele) tvao3 and Cables Limited, London; and N. C. Barford, 
“Theory of vel\. ty modulation systems,” Electric and Musical Industries 
Limited, Report I'l 124, December, 1942. 

“LE. J. Black ani |’. 1. Morton, ‘‘ Current and power in velocity modula- 
tion tubes,” Proc. J.k £., Vol. 32, August, 1944, pp. 477-82; and 
\. E. Harrison, ** Grajleal methods. for analysis of velocity-modulation 


bunching,” Proc. I.R.b.. V1, 33, January, 1945, pp. 20-32. 
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is very much less than the direct accclerating potential acting 
between the cathode and the first buncher grid.? This 
implies that the amplitude of the velocity modulation im- 
pressed on the electron stream is small compared with the 
average velocity of the beam. The buncher grids are suffici- 
ently close together for the time of transit ot electrons between 
them to be negligible compared with the period of the alter- 
nating potential difference present there. The same condition 
applies to the catcher grids. De-bunching effects caused by 
the mutual repulsion of electrons in the beam will be neglected 
in the preliminary analysis. 

The effect on the theoretical results of departure of con- 
ditions from those assumed above will be considered briefly 
later. 


Current Distribution in the Drift Space 


The first step in the analysis is the determination of the form 
of the electron bunching. 


Features of the klystron relevant to the present discussion 
have been shown in Fig. 233 (a). Electrons are accelerated 
from the cathode to the first buncher grid A by a direct 
potential difference V9, so that they cross this grid with a 


velocity v» given by 
Ze 
t= fe be (1) 
m 


where m is the mass and e the charge of an electron. At the 
time ¢,, an alternating potential difference My sin of, is assumed 
to exist between the buncher grids Band A. Since the transit 
time between the grids is supposed negligible, clectrons will 
emerge from the grid B, at the time f,. with a velocity v given by 





(2) 





13The phrase ‘radio frequency potential dijlerence between a pour of 
eavity grids” will be understood to mean the line integral of the re te fre. 
quency electric field existing at the time bet» en the grids (see Chapter Vio. 
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When V, > JV,, this relation becomes 


2e ae 
v= fer _ ty sin ots) 


=v, + 2, sin wt, (3) 
where v, is equal to 4v, V,/V,, and is the amplitude of the 
velocity modulation. If the length of the drift space is s, 
then the time ¢, of arrival at the catcher of an electron leaving 
the buncher at the time ¢,, is given by 

8 
tf =t oS (4) 
pr So, gn oy 
Now V, > Vj, and thus v, > v,, so that the above equation 
may be written 


Ss sv 
te=ty + - = 7a wt. (5) 
The relation between ¢, and ¢, is shown graphically in Fig. 237 
for two values of the velocity v;, s and v, being fixed. Curve I 
corresponds to a case of incomplete bunching at the catcher, 
while curve JJ illustrates the case where some fast electrons 
have overtaken slow electrons which left the buncher ahead 
of them. 

Suppose that i, is the beam current between cathode and 
buncher, and that i, and i, represent instantaneous values of 
the currents at the buncher and catcher respectively, 1, being 
measured at the time ¢,, and i, at the time ¢,. The initial 
‘ssumptions imply that i, =i) =a constant. Now if the 

l-trons passing the catcher in a small interval of time dt, 
ar supposed to have departed from the buncher during @ 
cori s;onding interval 6f,, then 


ig Ota = 4, Sty 


that is 
Scape eee Bee 
2 1 ot, LPN 
and, in the limit, 
j . dt 
pat a (6) 
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In some cases, such as that indicated by the broken lines 
to curve JJ in Fig. 237, electrons arriving at the catcher at 
a particular time ¢,'*), will have left the buncher at three 


Time of arrival atcatcher fz 





T T 
2 ® 8 % 
Time of deporlure from buncher ff ——= 
Figure 237.—Relation between time of arrival of electrons at the catcher 


and time of departure from the buncher, for two valuos of the amplitude 
of velocity modulation. 


separate instants, ¢)(, ¢,; and ¢,°°. To cover such cases 
equation (6) should be written 
pth, 
ve dt, 
where the summation includes values of //, dt, for all the tines 
t, corresponding to the particular tims ft: The valios of 
dt,/dt, may be obtained from the slojs: of the approyoinic / 
versus ¢, curve. Or, differentiating §%) with respect te 7, snd 


~1 


in SF 


2 
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substituting in (7), we obtain for the beam current at the 





catcher 
1 
tg = 1,2 SV, @ (8) 
1 — —> cos wt; 
Uo 
or 
1 
page(s 
=" G —rcos wt, (9) 
where 
gee 80,0 (10) 
V9" 


The factor r given by (10) is usually referred to as the bunching 
parameter. It may be expressed in the alternative form 


i= borer? (11) 
9 


where tT) = 8/v, = the transit time of an unmodulated electron 
in the drift space. 


According to equation (9), i, may have a negative value for 
values of 7 greater than unity. This merely implies that 
electrons arriving at the catcher at successive instants left 
the buncher in the reverse order. Thus for the calculation of 
the beam current through the catcher grids the magnitude 
only of the factor (1 — 7 cos wt,) should be taken, and equation 
(9) should be written 





1 
pag ; 12 
"2 Z|; —rcos wt; am) 
Shuilarly equation (7) should be 
’ : dt 
de HAye: Ps : (13) 








The form of the beam current 7, is shown in Fig. 238 for 
three values of the bunching parameter 7. The curves are 
most easily obtained by the use of equation (13) and the slope 
of the appropriate +, versus t, curve. We observe that for 
r = 0-5 only @ small degree of bunching has developed. For 
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a 1 the current waveform has a single infinite peak, which 
is interpreted as corresponding to the arrival simultaneously, 
at the catcher, of electrons departing from the buncher at 


successive instants. For +> 1 a double-peaked wave is 
obtained, which spreads out with increasing r, 


Beam current al catcher 





Figure 238.—Beam current at the catcher as a function of time, for three 
values of the bunching parameter r. 


For constant v, and v2, the current waveforms of Fig. 238 
show the way in which electron bunching develops along the 
drift tube, increases in ry corresponding to increases in the 
distance s. 


To determine the best waveform for the transfer of energy 
tothe catcher circuit we expand the expression (12) for 7, as @ 
Fourier series. In this way we obtain (for the derivation, see 
for example, Black and Morton!?). 


ig = ig [: 4+ 2 2 J,(nr) cos nda] (14) 
1 


Rn 


| Mg 


where 


i. ple Ss (15) 


vo 


and J,(nr) is the Bessel function of the first kind of order n. 
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The current waveform is obviously rich in harmonics, making 
klystron frequency multipliers practicable.1 Here we shall 
consider power transfer at the fundamental frequency only. 
The fundamental component of radio frequency current is 

ty = iJ, (r) cos Oy. (16) 
Thus 7, is a maximum when J,(r) is a maximum and cos 0, = 1. 
The maximum value of J,(r) occurs when r = 1-84, for which 
value of the bunching parameter the double-peaked current 
wave is well developed. From equations (15) and (5) it can 
be seen that the condition cos 0, = 1 corresponds to wt, = 2nz; 
this means that electrons at the centre of a bunch are those 
which left the buncher when the radio frequency field there 
was passing through zero from the negative to the positive 
half cycle, a fact that has already been observed in the qualita- 
tive discussion. 


Power Transfer to the Catcher 

Suppose that, at the time f,, the alternating potential difference 
between the catcher grids due to oscillations in the catcher 
circuit is given by V, cos (6, — 4), where ¢ is some phase 
angle and JV’, is positive in the direction to accelerate electrons. 
The transfer of energy from the electron beam to the catcher 
circuit during an interval of time df, is then 


dW = —i,V, cos (0. — ¢) dt, (17) 
where 7, is given by equation (16).!5 
When this expression is integrated over a complete cycle 


ot the alternating potential, the net power transfer to the 
catcher is found to be 


Py = ~ ig gJ,(r) 008 4. (18) 
The power supplied to the electron beam is Py = ig Vo, so the 
efficiency of power conversion is 


V 
7 = — <J,(r) cos ¢. (19) 

Vo 
MA. E. Hartise -h, ‘ 7 > Gy Company, 
New York, 1943 1, Klystron Technical Manual, Sperry Gyroscope Company 
18 Only the furnchung 


utal frequency term need be included since for all 
the other current comy = 


nents the average power transfer is zero. 


§4) LOCAL OSCILLATORS 365 


The conditions for this expression to be a maximum are firstly 
that cos ¢ = — 1. This means that when the centre of an 
electron bunch passes the catcher (9, = 2nz), the potential 
difference there is — V., that is, the maximum retarding value. 
This requirement has already been noted in the qualitative 
discussion. Secondly, for maximum efficiency J,(r) is a 
maximum and 7 = 1-84, the corresponding value of the Bessel 
function then being 0-58. Thirdly, V,/V, must be a maximum. 
Clearly V, cannot be greater than Vy, for in such a case most 
electrons would be thrown back by the field between the catcher 
grids. Thus the maximum allowable value for V, is approxi- 
mately equal to V4. The maximum theoretical efficiency of 
the ideal klystron oscillator is then 


Ymax = 0°58. (20) 


It should be remarked that, in the above calculation of 
efficiency, power losses in the buncher have been neglected. 
Under the conditions we have assumed, the power required 
to velocity-modulate the electron beam is very small. 

The relation (20) gives the maximum efficiency of power 
conversion. The actual output efficiency will of course depend 
on the output loading of the catcher, and the resistive losses 
in the catcher walls. The output efficiency has been discussed 
by Barford.1! 


Phase Relationship between Oscillations in Buncher and Catcher 
We have seen that for maximum power transfer the central 
electrons in a bunch should pass the catcher grids when the 
radio frequency field across the latter has its maximum re- 
tarding value. These electrons crossed the buncher when the 
field there was passing through zero from the negative to the 
positive half-cycle. The time taken for these average speed 
electrons to travel from buncher to catcher is s/vg. Thus 
the phase angle y of the catcher field relative to the phase 
angle of the buncher field should be given hy 


y = Ian — => — — (21) 
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where 7 is a positive integer. This phase angle can be adjusted 
by varying the accelerating potential V, which controls the 
velocity v5, and, to some extent, by adjustment of the feed- 
back line. 


Recapitulation 
To sum up, the conditions for most efficient power conversion 
in the double resonator klystron just considered are: 


(2) The waveform of the electron current at the catcher 
must be that corresponding to a value of the bunching para- 
meter 7 of 1-84, where r = swv,/v,”. 


(6) The phase difference y between oscillations in the catcher 
and buncher must satisfy the relation y = 2an — 2/2 — sw/vo 


(c) The amplitude V, of the radio frequency potential 
difference between the catcher grids must be such as to take 
the greatest amount of energy from the electrons passing the 
grids without reversing their motion. That is, V; + Vo. 


Second Order Effects 

In practical cases the conditions assumed in the simple theory 
are not always approached, and the results stated above 
are modified accordingly. 


Firstly, we cannot always assume that the amplitude V; 
of the radio frequency potential difference between the buncher 
grids is very small compared with the direct accelerating 
‘otential I’y. In this case the approximate equations (3) and 

‘re no longer valid. We now find that the curves of Fig. 237 
a: \i'storted, and the waveform of the electron beam current 
is 1) -ymmetrical (see Harrison!?). The result of this effect 
is tha) ||\¢ optimum value of the bunching parameter [which of 
course io longer accurately represented by equation (10)] 
is differe.) irom the previously determined value, and further, 
the electrons at the effective centre of a bunch are no longer 
those which let) the buncher when the radio frequency field 
there was zero. (Consequently the phase condition for buncher 
and catcher oscillations is modified accordingly. : 
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In the second place, in some cases the transit time of electrons 
between the buncher grids and also between the catcher 
grids cannot be assumed to be negligible compared with the 
oscillatory period. As far as the effect at the buncher is 
concerned, a finite transit time causes a decrease in the ampli- 
tude and a variation in the phase of the velocity modulation 
produced by a given buncher field, and the power absorbed 
by the buncher field is increased. At the catcher the effect of 
a finite electron transit time is to modify the waveform of the 
current induced in the catcher circuit so that it will no longer 
be exactly as represented in Fig. 238. The result is a decrease 
in the maximum efficiency, although the optimum value of 
the bunching parameter is not affected (Black and Morton?2). 


Thirdly, the repulsive forces acting between individual 
electrons produce de-bunching effects which become appreci- 
able in certain cases. One such case is the high power oscillator, 
where relatively dense electron beams are necessary and the 
electron repulsion forces are correspondingly large. In fact, 
the de-bunching effect sets the most serious limitation to the 
production of very high powers from klystrons. 


However, the modifications just mentioned are sufficiently 
small effects in practical klystrons for the theoretical analysis 
originally presented by Webster to remain a useful basis 
for design work. In practice, output efficiencies of about 
20 per cent are realised with double resonator klystrons. 


Advantages and Limitations of the Klystron 


Two difficulties encountered in the microwave triode oscillator 
are overcome in the klystron. Firstly, in the triode, transit 
time effects cause losses in the grid circuit since the electrons 
are density-modulated as they cross the grid. In the klystron 
the electron beam is of uniform density as it passes the buncher, 
which corresponds to the triode grid circuit, so that the net 
loss of power in the buncher circuit is very small. In the 
second place, power dissipation becomes a serious problem 
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in the triode, where the anode, of necessity small, collects the 
electron stream. In the klystron a separate and suitably 
designed electrode is used to collect the electrons and dissipate 
their residual energy. 


As far as power output is concerned the chief limiting factor 
in the klystron is the de-bunching effect already mentioned. 
With regard to frequency limitations of the klystron, the first 
difficulty which arises is that of physical size. For wave- 
lengths shorter than about one centimetre the cavity resonators 
required are too small for effective handling. In fact, the 
klystron in its present form has about the same frequency limit 
and the same cause of failure as most of the other microwave 
apparatus now in common use. 


Another effect which may be mentioned here is the pro- 
duction of noise in a klystron oscillator. This noise isappreci- 
able over a band of frequencies centred on the frequency of 
oscillation.'® 


5. Typical Double Resonator Klystrons 


Some of the basic features of a klystron made by the Sperry 
Gyroscope Company" are shown in Fig. 239. Except for the 
glass seal-in of the leads to the electron gun and the coupling 
loop seals, the valve is entirely of metal construction, the 
avity walls themselves enclosing part of the vacuum system. 
“electron gun consists of a cup-shaped cathode with non- 


1 tive heater, and a control grid which focuses the electrons 
int heam. The grids of both the buncher and the catcher 
resol: .s are approximately 0-03 inches apart, and tuning 
of the ©. \ties is achieved by varying the grid spacings, the 
ends of ('\. « \yities being made flexible for this purpose. The 
tuning adj. ':,ents are made by three pairs of tuning struts, 
and a fine contro] of one pair of struts is obtained with the 
aid of a wedge operated by a graduated knob. The output and 


*© Local oscillator noise js discussed further in Chapter XII. 
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feedback loops are sealed into the cavities. The collecting 
electrode is a metal cylinder with heat-radiating fins. 


Klystrons of the type just described have been made to 
operate over a wavelength band from 9 to 11 centimetres 


Heat rodiatingfins of collector 









Flexible wall 


Tuning strub 


Catcher cavity 


Co-axial 
terminal 


Figure 239.—Schematic view of an all-metal type double resonator 

klystron, showing two of the coupling loops and part of the tuning 

mechanism. There are actually three pairs of tuning struts placed 

symmetrically round the valve, one pair being controlled by the fine 
tuning knob. 


with a CW power output of 20 watts, the accelerating potential 
being 2500 to 3000 volts. 

A klystron of the type in which part of each cavity is external 
to the glass envelope is illustrated in Fix. 240. The particular 
valve shown was designed by Electric «nd Musical Industries 
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Limited for use as a relatively high power pulsed oscillator.!’ 
The cavity walls are brought out through the envelope in disc 
seals and the external parts clamped on to them. The buncher 
and catcher cavities have a common diaphragm, and the 
coupling between the two resonators is provided by slots in 


Oupli 







holes 
Collector 
F lange for 
attachment to 
wave quid / 
Grid Plan of central 
copper diaphraqm 


rcopper-qiass disc seal 
lamping ring 


Output 
aperture 


Catcher/ 
cavity 






Holes for clamping bolls 
Transverse section of catcher 


240.—High power double resonator klystron, with part of each 
cavity external to the glass envelope. 


this dioji.gm. This arrangement for feedback is preferable 
in the pont ease to one involving coupling loops and a 
coaxial line. sinee the valve operates at radio frequency powers 
of sufficient intensity to give trouble due to spark-over. For 


we EME klystron pK150," Electric and Musical Industries Limited, 
Research Laboratens, Report RF/137, June, 1943. 
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the same reason the output from the catcher is taken through 
an aperture in the external wall of the cavity instead of by a 
loop, the catcher cavity being clamped directly on to the 
end of a waveguide feeder. Tuning of the cavities is achieved 
with metal plugs which reduce the cavity inductance, and hence 
increase the resonant frequency as they are screwed in through 
the outer cavity walls. The valve is designed to give pulsed 
power at a wavelength of 10 centimetres. The resonator and 
collector are earthed, the cathode being pulsed at a negative 
potential of 12-5 kilovolts. The klystron gives a peak power 
output of about 20 kilowatts, the allowable mean dissipation 
with air-blast cooling being 80 watts. 


6. The Reflex Klystron 


In the reflex klystron a single cavity resonator is used both 
as buncher and catcher. The basic construction is shown in 
Fig. 241 (a). Beyond the resonator is placed an electrode, 
called the reflector or repeller, maintained at a steady potential 
somewhat negative with respect to the cathode. Thus clec- 
trons emerging from the resonator encounter a DC retarding 
field which is strong enough to bring them to rest and reflect 
them back again towards the cavity. If the resonator is 
oscillating, the electron beam enters the reflector ficld in the 
forward direction with velocity modulation. The electrons 
with velocities above the average will penetrate further in the 
retarding field, and will take longer to return to the resonator 
grids, than those with lesser energies. Thus the reflected 
beam becomes density-modulated. The formation of bunches 
is illustrated in Fig. 241 (b) and (c)._ In (b) the radio frequency 
potential of grid B relative to grid A is plotted against the 
time ¢. An electron crossing the grids in the forward direction 
at the time ¢’, when the RF field is a positive maximum, follows 
the path represented by curve J in (¢); an electron crossing 
a quarter of a cycle later, at the time (’. has a shorter drift 
time in the reflector field as shown by the curve JJ. and an 
electron entering the reflector field at time /’” follows the still 
shorter path JJJ. Thus electrons passing the resonator grids 
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we 


during the half period from ?’ to ¢’’’ tend to return to the resona- 
tor in a bunch. On the other hand electrons crossing in the 
subsequent half cycle will be spread out. 

It will be noted that, whereas in the double resonator 
klystron the slowest electrons have the longest transit time in 


resonator 


cathode 





(a) 


v 
x 
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—— time t 


(b) 
a 
cepip of 
penetration 
In reflector 
field” 


Position of 
grid 8 
——+IIme 


(c) 


‘sire 241.—The reflex klystron. (a) Essential features of the reflex 
klystron. (6) RF potential of grid B relative to grid A. (c) Electron 
motion in the reflecting field. 


the drift space, in the case of the reflex klystron the fastest 
electrons have the longest transit time in the corresponding 
reflecting field. Thus in the former case the bunches form 
about electrons crossing the buncher when the field there is 
passing through zero from the direction which retards to that 


* 
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which accelerates electrons ; but in the latter case the bunches 
form about electrons crossing the resonator when the field 
there is changing from accelerating to retarding. 

The degree of bunching of the beam on return to the resonator 
is obviously dependent on the accelerating potential Vy, which 
determines the initial speed of the electrons ; on the amplitude 
of the radio frequency field across the resonator grids, which is 
governed by the loading of the oscillator ; and on the strength of 
the retarding field, determined by the valve geometry and by 
the potential difference (Vs — V,), where V r is the reflector 
potential measured with respect to the cathode. 

The electron bunches returning to the resonator will give 
up their energy to it if they meet there the maximum retarding 
field. Since the electrons are now passing the resonator in the 
reverse direction, this means that, at the moment when the 
centre of an electron bunch returns, the potential of grid B 
with respect to grid A should be a positive maximum. This 
corresponds to a peak such as the point marked X in Fig. 241 (b). 
Electrons at the centre of a bunch start out from the resonator 
at a time such as ¢’’, so that for maximum power transfer to 
the cavity the number of cycles of oscillation which should 
occur during the transit time, in the retarding field, of electrons 
destined to become the centre of a bunch, is given by 


N =(n + 2) cycles, n = 0, 1, 2...... (22) 


This phase condition makes an extra requirement which the 
potentials Vy and V, must satisfy, in order that oscillations 
be maintained in the klystron. The various values of » corres- 
pond to various possible modes of operation of the oscillator. 

After their second transit through the resonator the electrons 
are finally collected on the outer walls of the cavity, which 
must therefore be designed to dissipate the residual energy 
involved. 

Obvious practical advantages of the reflex klystron over the 
double resonator klystron are firstly, comparative ease of 
construction and secondly, simplicity of tuning. The initial 
tuning adjustment of the double resonator klystron is a com- 
plicated operation since two high Q c.vities are involved. 
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Disadvantages of the reflex klystron are firstly, as we shall 
see in the next section, that it is less efficient than the double 
resonator oscillator. Secondly, in the single resonator klystron 
the electrons end up on the cavity itself, instead of on an auxili- 
ary electrode which can be more suitably designed for heat 
dissipation. Thus the double resonator klystron can handle 
higher powers than the reflex valve. . 


However, the reflex klystron is eminently suitable for use 
as a local oscillator in the superheterodyne receiver, and is 
most widely used as such in microwave radar. 


7. Theory of Operation 


The theoretical analysis of bunching and power transfer in 
the reflex klystron is carried out along lines very similar to 
those followed in the double resonator klystron theory.”® 
Again a simple theory only is presented here, with the adoption 
of initial assumptions similar to those set out for the case of 
the double resonator oscillator. We suppose that V4 is the 
direct accelerating potential difference between cathode and 
resonator and that V,sin wt, is the alternating potential 
difference between the resonator grids at the time t,, V, being 
very much less than V4. In the double resonator klystron 
analysis we assumed for simplicity that the electron transit 
time across the buncher grids was negligible, and that an elec- 
tron crossing the gap at the time ¢, experienced the full potential 
change 1’, sin wf,. Following general practice we shall, in the 
present analysis, make some allowance for a small but finite 
lectron transit time across the resonator grids, with the intro- 
‘tion of a gap efficiency factor or modulation coefficient 8, 

od by supposing the kinetic energy of an electron which 


pa the centre of the resonator at the time f, to be changed 
by i. nount Be, sin wt,. The coefficient f is less than unity 
and dds on the transit time and on the configuration of 
the resi or grids, decreasing with increasing transit time. 
We shall. |iawever, neglect the time taken for an electron to 
traverse the resonator gap in comparison with its time of 


transit in the direet reflecting field. 
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Thus, at the time ¢, electrons may be supposed to enter the 
retarding field with a velocity v given by 





2 
im ye (Vo + AV, sin wt,) (23) 


+ fPrGeytvn) i 
= are 487 sin ot, ). (24) 


Let us assume for a start that the roflecting field between 
the resonator and the reflector electrode is uniform, and of 
magnitude #,. Then an electron entering this field with 
velocity v will return to the resonator again after a transit 
time t, given by 

2mv 

CS 25 

eB, (25) 

which, using equation (24), may be written 


= ro + 1 sin ots) (26) 
0 


where Ty is the transit time in the reflecting field of an electron 
crossing the resonator grids when the alternating field there 
is zero. 


Let ¢t, be the time of return to the centre of the resonator 
gap of an electron which passes this point in the forward 
direction at the time f,, so that ft, —t, = 1. Suppose /, 
denotes the beam current from the cathode, and i, and /, are 
the instantaneous values of the currents passing the centre 
of the cavity grids on the forward and return journeys respec- 
tively, i, being measured at the time ¢,, and /, at the time ¢g. 

As in the previous analysis we have 
dt, 


dedi 5 
2 








1 
tg & 


I 





se dt [ 
dt, | 
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Differentiating (26) and substituting in (27), 








1 
2 = SSS 28 
SS | 1 + (3B wt V/V) cos wt, on 
or 
1 
ee 2 
ag Ste & ; +x cos wt; (29) 
where 
x = $BwtV,/Vo (30) 


and x is the bunching parameter. 


A comparison of equations (29) and (30) with equations (9) 
and (11) of the analysis for the double resonator klystron 
shows that the form of the density-modulated beam which 
develops in the two types of valves is the same, and that the 
bunching parameters, x and r respectively, are identical 
except for the coefficient 6 which was omitted for simplicity 
in the derivation of the factor 7. This identity is exact only 
for the case of the uniform reflecting field which we have been 
considering. It can be shown that for a reflecting field of 
general form the bunching parameter involves a factor 9, 
called the reflector gain factor, which is constant for a given 
reflector field and a given mode (see Beck!*). Thus in general 
the form of the electron current returning to the resonator is 
given by equation (29) when 

«= 9 pwr, Vi/Vo, (31) 
with g = } for the special case of a uniform reflecting field. 


As before, the expression for i, may be expanded as & 
Fourier series, leading to 


o 
poe [} ~ 2 £ J,(nzx) cos nd. (32) 

n=1 

where 

6, = wt, — WT. (33) 
18 The i-il-x klystron theory is due chiefly to Petrie, Strachey and Wallis," 
Barford", and \. H. Beck, *‘ Fundamental limitations and optimum con- 
ditions in retlox klystron oscillators,” Admiralty Signal Establishment Exten- 
sion, Bristol, Report BR.S.445/45/XQ2, June, 1945. A useful qualitative 


discussion has leen published by J. R. Pierce, “ Reflex oscillators,” 
Proc. I.R.E., Vol. 33, February, 1945, pp. 112-18. 
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The fundamental component of the current returning to the 
resonator is therefore 


t, = — 2igJ,(x) cos 05. (34) 

This expression is a maximum when cos 6, = — 1, which 

corresponds to wt, = (2n + 1)z, so that, as we have already 

observed, electrons at the centre of a returning bunch are 

those which passed through the resonator on their first trip 

when the alternating field there was passing through zero 
from the positive to the negative half cycle. 


If the radio frequency potential difference between the 
resonator grids at the time ¢, is taken as V, cos (0, — ¢), then 
the rate of transfer of energy from the returning electron beam 
to the resonator at the time f, is 


P,, = — 2igJ,(x) cos 0, . BV, cos (0. — 4). (35) 


Averaged over a complete cycle, the net power transfer to the 
resonator is 
P = — Bi,V,J,(x) cos ¢. (36) 


When the phase angle ¢ is correctly adjusted, this expression 
becomes 
P = BigV,J,(2). (37) 
As we have already seen [equation (22)], the phase condition 
may be expressed in the form 
OT, = 2r(n +- 3) (38) 
n being the mode number. 


Neglecting the power required for bunching, the efficiency 
of conversion of direct current power into radio frequency 
power is 





V 
n = BJ (x) (39) 
Vo 
which may be written 
n= > xJ (2). (40) 
JWT, 
As JV, varies, this expression is a maximum when the bunchine 
parameter 2 = 2-40. Thus the condition for maximum power 
transfer is not the same as that for maxinium radio frequency 


R.—13. 
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current (x = 1-84). It will be observed that for good power 
conversion efficiency we require a small reflector gain factor g, 
and a small value of wt), which means a small mode number n, 

Our theory is strictly valid only for very smallratiosV,/V 0, 
but it has been shown that, after allowance is made for the 
power used in bunching the beam, the theory may be success- 
fully applied to practical cases where V, may be an appreciable 
fraction of J’, (see Beck!8). Of course a practical upper limit 
is set to the magnitude of V, by the requirement that no 
electrons be thrown back in traversing the resonator. Thus 
we must have 28V, < Vo. 

A comparison of the expressions for conversion efficiency 
for the double resonator and reflex klystrons shows that the 
efficiency of the latter oscillator cannot be made as high as 
that of its predecessor, where the relative amplitudes of the 
radio frequency fields at buncher and catcher are controllable. 

Turning to the question of output power from the reflex 
klystron we note that the amplitude of the radio frequency 
potential difference V, between the resonator grids varies 
with the loading of the resonator, and the loading also controls 
the distribution of power between the output circuit and the 
shunt resistance of the cavity itself. If the total parallel 
impedance of the cavity at resonance when loaded with the 
output circuit is R, then the condition for steady oscillation 
in a given mode is 

y 2 
as = P = piV,J,(2). (41) 
Tho significance of this relation may be readily understood by 
ference to curves of the type shown in Fig. 242.1° In 

-. 242 (a) the amplitude of the fundamental component of 
| frequency current i, = 2iyJ,(x) is plotted against Vj, each 


cur © sorresponding to a particular mode number n, which 
fixcs *h) factor gmt, in the bunching parameter 7. Each 
curve | 1 maximum when « = 1-84; the maxima are equal 
for the Litf-rent modes, but occur for smaller values of V, as 
the mode jiimber and hence the drift time tT, increases. In 


Fig. 242 (/) the radio frequency power transferred to the 


19 The ensuin discussion is based largely on the treatment by Pierce.'* 
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resonator, that is P = 48V,. 72, is plotted against the same 
variable V,. The maxima now occur for each mode number 
when x = 2-4, and increase in magnitude with increasing V’,. 
The broken curves A, B and C on the same graph represent 
power absorbed in resonator and load, V,?/2R, for three 





P = BV Lodi(x) 


(0) Radio frequency power 


——_~ 
Radio frequency potential difference between resonator grids =V, 


Figure 242.—Variation of current and power in the reflex klystron with 
the magnitude of the radio frequency potential difference between tho 
resonator grids. 
different values of R corresponding to three different degrees 
of coupling of the output circuit to the resonator. For a given 
circuit impedance R, steady oscillations will occur in a par- 
ticular mode at the value of I’, for which the appropriate power 
load curve intersects the power production curve corresponding 
to this mode. In the diagram the power load curve A inter 
sects the power transfer curves for n 2 or more; it ean bo 

seen that, for the particular loading corres}: mniding to FP 
most power is obtained in the mole nm =2, alile ach 
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the coupling is a little greater than optimum since curve A 
intersects the curve for n = 2 at a point a little to the left 
of the maximum. The coupling is close to optimum for the 
modes n = 3 and 4, but the power output is smaller since their 
maxima are smaller. 

The load curve A lies entirely above the curves for n = 0 
and » = 1, implying that the loading of the resonator is too 
great for oscillation to occur for these two modes. If however 
the output coupling is reduced so that R is increased to Ry, 
the corresponding power load curve B cuts the power pro- 
duction curve for x = 1 at its peak, and maximum power is 
obtained for this mode. A still greater reduction of the resona- 
tor loading, with R = R, say, would allow of oscillations in 
the mode with smallest drift time and greatest power transfer, 
provided the shunt resistance of the cavity itself is large enough. 


Outpul -power 
—— 


Magnitude of reflector potential with respect to cathode potential 


Figure 243.—Reflex klystron characteristic : variation of output power 
with reflector potential. 

However, depending on the magnitude of this shunt resistance, 
we may find that for this mode most of the power is absorbed 
in the cavity itself, and the net power reaching the output 
circuit is less than in the case of the mode n = 1, with the 
creater cavity loading corresponding to R = R,. Thus the 
inst mode and resonator loading for a particular klystron 
depend upon the valve and cavity design. 

In practice, the characteristics of typical reflex klystrons 
bear out the inferences we have just made. An example is 
given in Fig. 243, where the output power from an oscillator 
with fixed loading is plotted against the reflector potential, 
the latter becoming more negative with respect to cathode 
potential towards the right. An increasingly negative re- 
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flector potential corresponds to a decreasing drift time To, 
and the peaks of the output curves occur at points for which 
the phase relation OT) = 2x(n + }) is satisfied; successive 
peaks correspond to successive modes, with n decreasing 
towards the right. We see that the available output power 
increases with decreasing mode number until the point is 
reached where the loading is too great for oscillations to occur. 


8. Typical Reflex Klystrons 


Plate XV (b) is a photograph of two typical reflex klystrons. 
The first, which is shown diagrammatically in Fig. 244 (a), is 






Smooth 
tuning control 


Figure 244 (a).—Construction of the CV35 reflex klystron. 
the CV35, a reflex klystron of glass construction with partly 


external cavity, designed by Electric and Musical Sueuseriel 
Limited for operation at a wavelength of fen centimetres. 
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The reflector electrode is brought very close to the resonator 
gap in order to provide a strong reflecting field which, as we 
have seen, corresponds to a short electron drift time and rela- 
tively good efficiency, and the re-entrant portion of the cavity 
on this side is enlarged to accommodate the reflecting electrode. 
Grid structures at the cavity gap are found to be unnecessary, 
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Figure 244 (b).—Horizontal section through the CV35 resonator showing 
the three tuning plugs and output coupling loop. 


i’ two 2 millimetre diameter holes are provided for the 

+e of the electron beam. A section through the cavity 
a vit angles to the valve axis is shown in Fig. 244 (b). The 
extrial cavity walls are made in two semi-circular pieces 
whic!) 11: .ound the valve and are clamped to the copper parts 
sealed ints the glass envelope. Tuning is carried out by three 
plungers on of which is spring-loaded and specially designed 
to give a smooth frequency variation. A coupling loop, which 
can be rotated in the cavity, takes the radio frequency power 
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out. Since the magnetic lines of force in the resonator form 
closed circles in planes parallel to that of the section of 
Fig. 244 (b), it is clear that the coupling loop as shown in the 
figure is in the plane of minimum coupling to the cavity field, 
and that it should be rotated through 90 degrees to obtain 
maximum coupling. 

A power output of 300 milliwatts at 10 centimetres wave- 
length is obtainable with this valve, the efficiency being about 
3 per cent; an accelerating potential of 1500 to 2000 volts 
and a reflector potential of — 250 to — 300 volts (with respect 





Figure 245.—Internal construction of the 723A reflex klystron. 


to cathode potential) are required. The simplicity of con- 
struction of the CV35 will be readily appreciated. The 
technique has been applied to many types, inchiding lower 


power versions which operate with quite small accelerating 
potentials. Special glass having good dicleci:ic propertics 
at microwavelengths is used in making the- klystrons, \) 


order to minimise power losses inside thy ity resons! 1 
Fig. 245 illustrates a reflex klystron of : jie all-metal ‘: |) 
It is the 723A, made by the Western “\-ctrie Comps: 
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a wavelength of three centimetres. The resonator has become 
a rudimentary cavity near the top of the valve. Variation 
of the grid spacing is used to tune the cavity, and the tuning 
is achieved with the aid of two springy strips of metal mounted 
at the side of the valve and bowed outwards so that when 
squeezed together by the tuning screw, the distance between 
their ends is increased and the cavity grids are pulled further 
apart. The reflector electrode is at a relatively large distance 
from the resonator for a reason which will become clear in the 
next section. A small coupling loop takes energy from the 
resonator and feeds it through a concentric line built inside 
the valve to a probe projecting through the base. This probe 
is usually inserted directly into a waveguide feeder. The 
valve, being all-metal, is somewhat sensitive to temperature, 
and should be shielded from air currents to prevent frequency 
fluctuations. This valve is also shown in Plate XV (b). 
Typical operating data for the valve are: accelerating 
potential, 300 volts ; reflector potential, — 20 to — 300 volts ; 
cathode current, 20 milliamperes ; power output, 80 milliwatts. 


9. Frequency Stability and Electronic Tuning 


In both the reflex and double resonator klystrons, small changes 
in the DC electrode potentials cause appreciable changes in the 
frequency as well as the power output of oscillation. In the 
reflex klystron in particular, variations in either the accelera- 
ting potential or reflector potential cause frequency variations. 
The effect is easy to visualise, for the resonator has a finite 
|, ndwidth and if, due to a change in potential, electron bunches 
ver rn to the resonator after a drift time which is not exactly 
‘qi. alent to (n + 3) eycles, so that the resonator field is not 


€-acil, in its maximum retarding phase, frequency pulling 
Wh! beri ag well as a reduction in power transfer efficiency. 

Ty)\ i. curves relating output and frequency to reflector 
potent |! t.. a particular mode in a reflex klystron are shown 
in Fig. - 46. ‘The magnitude of the effect may be from 4 to 
1 megacy:'\s jr second for a one per cent change in reflector 


potential. On account of this frequency sensitivity a klystron 
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used as a local oscillator requires a regulated power supply. 

However there is a way in which this effect may be turned 
to advantage in the reflex klystron, and that is in electronic 
tuning of the oscillator over a small range by variation of the 
reflector potential. Electronic tuning has a very important 
application in automatic frequency control of the radar receiver 


(usually termed AFC), as has already been discussed in 
Chapter X. 





4 {Toning range 
ING re 
3 : | 
; ¢ 
we 





Reflector potential 


Figure 246.—Variation of power output and frequency with reflector 
potential in a reflex klystron. 


For a particular mode the usable range of frequency for 
AFC purposes is usually taken to be that obtained for reflector 
‘potentials between the values at which the power output has 
decreased to one half the maximum power. In Fig. 246 the 
electronic tuning range calculated on this basis is indicated. 

Klystrons intended for use with AFC, and for other purposes 
. where electronic tuning is desirable, are specially designed to 
give as wide a range as possible. The design requirements for 
such valves may be deduced readily with the aid of the 
theoretical results already established, so we shall consider the 
problem briefly, following the treatments of Bleaney. Barford, 
and Finlay and Lasich.?° 

Suppose, at the time ¢, the radio frequency potential differ- 
ence between the resonator grids is Vjeose/. From the 


*°B. Bleaney, ‘‘ Elementary theory of automatic frequency control «i 
reflection oscillators,” C.V.D. Research Group at Clarendon Laboratory, 
Oxford, Reports CL.Misc. 13 and 15; N.C. Barford,” The A.F.C. properties 
of reflection oscillators,” Research Laboratories, Eleet ric and Musical t:jis- 
tries Limited, Report RF/126, February, 1943: sid E. A. Finlos ane 
W. B. Lasich, ** The design of a klystron for th: l.-band,” C.S.1.}). Hadio 


Research Laboratory, Melbourne, Report RP 23s, February, 194° 


386 A TEXTBOOK OF RADAR [Ch. XI 


previous theory we know that the fundamental component 
of current returning through the resonator will be 


tg = 2%,J,(x) cos (wt + 4), 


where ¢ is a phase angle which, for the condition of maximum 
retardation of the electron bunches, is zero. At the time ¢ the 
power delivered to the resonator is 


P, = BV, cos ot. 2igJ,(x) cos (wt + 4) 


= 2BVyigJ ,(x) [cos? wt cos ¢ — cos wt sin wt sin ¢]. (42) 


Now the klystron cavity may be regarded as equivalent to 

a simple parallel LRC circuit. The impedance Z of sucha 

circuit, measured at the angular frequency w, which we shall 

suppose to differ by a small amount 6 from the resonant 

angular frequency «, of the circuit, may be expressed in the 
form 

1 

Z 

where R is the resistive impedance at resonance, and C is the 

circuit capacity, effectively the capacity of the resonator gap. 


=> 4- 2j60C (43) 


At the time ¢ the power dissipated in the resistive losses of 
the resonator plus the power supplied to the electromagnetic 
field is 





2 . 

Psi= r[ a 26wC cos wt sin wt]. (44) 

For steady oscillations, P, = P,. Equating like terms we 
Ihe! "@ 

2Bi,J,(x) cos ¢ = V/R, (45) 

BipJ,(x) sin ¢ = dwCV,. (46) 

i - iL the total frequency range over which the klystron 

will «late without retuning of the resonator, we must 

determ:: the starting condition. This is obtained from 

equations (45) and (46) by supposing the amplitude of oscilla- 


tions to approach zero, in which case J,(x) may be replaced 
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by 4x. Making this substitution, and using equation (31) 
which gives x = Bgwt V/V 5, we have 


B'tg(9@t,/V 4) cos ¢ = 1/R, (47) 
Bi (gwto/V >) sin ¢ = 2600. (48) 


These two equations give dw, the maximum departure from 
the resonance frequency w, for which oscillations can still be 
maintained. Dividing (48) by (47) we have 


1 








@ 
6a = CR tan ¢ = 3q tan 4. (49) 
Eliminating 4, 
eee: | 1 
jo. = i a 50 
2 2CV;, (RB gg wt / Vo)? me) 


Thus for a wide frequency range dw, the reflex klystron cavity 
should have a low Q and a small gap capacity C, although 
the shunt resistance R should not be too small; in addition 
we require large values of the gap parameter 6 and the beam 
current i, and a small accelerating potential Vy. Also, a 
large reflector gain factor g and a long drift time Tt, are desirable. 
The latter implies a high mode number, and klystrons designed 
especially for AFC use are made with a relatively long reflector 
field space. As we have already seen, the maximum power 
output decreases with increasing mode number, so that output 
efficiency has to be sacrificed to some extent for a wide elec- 
tronic tuning range. Some of the requirements deduced above 
are conflicting because a large beam current i, means a large 
diameter beam, and hence large diameter resonator grids ; 
this tends to increase the gap capacity C. For a low C the 
resonator gap should be large. but a wide gap and low accelera- 
ting potential I”, lead to a small gap efficiency factor Bb. Thus 
suitable compromises between the various requirements must 
be made in the design of the AFC klystron 

The frequency range dm derived above is t hiat correspon ling 
to a change in output power from max:sium to zero. ‘The 
useful frequency range is that obtained «ith an output power 
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change from maximum to a specified fraction of the maximum, 
usually taken to be one half. This useful range may be de- 
rived by a method similar to the one adopted for determining 
6a, and the same general requirements for maximum electronic 
tuning range are thereby deduced. 

As an example of the AFC range obtained in practical cases 
we may quote the characteristics of the 723A reflex klystron 
already described. This valve has a frequency range of 
20 to 30 megacycles per second between the half power points, 
with a corresponding change in reflector potential of 20 to 
30 volts. 

A new method of tuning the klystron cavity, suitable for 
AFC purposes, has recently been introduced, particularly for 
the very high frequency reflex klystrons. It is known as 
electronically controlled thermal tuning. The valve is con- 
structed according to the 723A pattern, and the resonator is 
connected mechanically to a metal structure made up partly 
of a material such as stainless steel which has a high coefficient 
of expansion. This member can be heated by electron bom- 
bardment from a suitably placed auxiliary cathode, the tuner 
cathode, the current being controlled by the potential of a 
tuner grid. Expansion of the heated member causes a flexing 
of the resonator wall and a corresponding variation in the gap 
spacing. The system can be made to have a time constant 
sufficiently small for AFC applications to be possible. 


CHAPTER XII 


FREQUENCY CONVERTERS 


THE well-known superheterodyne principle of reception is 
to combine the received signal with a locally generated oscilla- 
tion so as to produce a third signal at a frequency usually 
teferred to as the intermediate frequency. At the wave- 
lengths used in radar, the generation of the local oscillation 
and the combining or mixing operation take place in separate 
units. The local oscillator has already been discussed 
(Chapter XI), and this chapter will be concerned with the mixer, 
which consists essentially of a non-linear element and associated 
radio frequency circuits. The term frequency converter is 
used to denote the combination comprising the local oscillator 
and mixer. 

The first radar sets were designed for wavelengths in the 
metre region, where multi-grid mixer tubes of tho type used 
at wavelengths greater than 10 metres had poor signal to noise 
ratios. Triode and diode mixers with lumped element circuits 
were therefore the usual practice. When the invention of the 
cavity magnetron enabled centimetre wavelengths to be 
exploited, the most important receiver advance was the 
successful development of mixing crystals for use with coaxial 
or waveguide circuits. This type of mixer is universally 
employed at wavelengths less than 10 centimetres, and the 
latest units are able to compete successfully with special tube 
mixers at any wavelength less than about 25 centimetres. 


1. Frequency Conversion Theory 


Elementary Mechanism 
To produce frequency conversion it is essential for the mixer 
to contain an element which has a non-linear relation between 
current and applied voltage : 

i = f(r) 


where 7 and »v refer to the variations from the steady current 
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and voltage values respectively. If v is the sum of a signal 
of frequency «, and a local oscillation of frequency w,, it 
is clear that an element for which f(v) is a linear function 
will produce current variations containing only the original 
frequency components w, and w2. However, for a non-linear 
function such as 

i =a, + ay +a,v? 


there will be generated, in addition to these frequencies, 
current components having combination frequencies of value 
2m , 29, (@; — @,) and (wm, + @,). The difference fre- 
quency (w,; — @,) is normally chosen as the intermediate 
frequency and may be selected from the mixer by means of a 
suitable filter. The amplitude of this component is pro- 
portional to the product of the signal and local oscillation 
amplitudes, and whereas the former is normally very small, 
a large local oscillation is always employed. 


The essential mechanism of frequency conversion is similar 
for other non-linear functions except that additional combina- 
tion frequencies are produced. The complete theory of mixer 
operation involves an analysis of the action of the mixing 
element in association with the radio frequency and inter- 
mediate frequency circuits. Thus the impedances of the 
various circuit elements to the frequency components in the 
mixer and their interaction on one another are important 
factors. Some general results of the theory are given later 
in this section. 


“erformance Parameters 

|» performance of a mixer may be expressed in terms of 
‘le two parameters, conversion gain and noise temperature. 
‘he tormer is a measure of the efficiency with which the signal 


frie ay energy is converted to intermediate frequency 
ene “v.  \t long wavelengths it has been the custom to express 
the Conve cion gain as a voltage ratio but at microwayelengths 
@powe: rir is more satisfactory. Accordingly, the conversion 
gain Gi detined as the ratio of the output power at inter- 


mediate th qin ney to the input power to the mixer at the signal 
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frequency. The conversion gain may be greater than unity 
if the mixer contains a source of amplification. Mixers com- 
posed, only of passive elements, however, have a maximum 
conversion gain of unity and in practice the value is always 
less.1 A common practice is to express the conversion gain 
in decibels. 

The ultimate performance of a receiver is limited by its 
total noise output. If the mixer is replaced by an equivalent 
resistor of resistance equal to the output impedance of the 
mixer at the intermediate frequency, the receiver noise output 
will be due partly to shot effect and partition noise in the tubes 
(primarily the first stage), and partly to the thermal agitation 
of the electrons in the equivalent resistor. The J. ohnson noise, 
as the latter component is commonly called, is equal to k7’B 
where k is Boltzmann’s constant, 7’ is the absolute temperature 
of the resistor and B is the effective noise bandwidth of the 
receiver. It is found that in practice mixers generate more 
noise than the equivalent resistor at room temperature. The 
ratio of the available output noise power of the mixer to k7'B 
is called the noise temperature Ty of the mixer. This term 
is used since it is numerically equal to the number of times the 
absolute temperature of the equivalent resistor would have 
to be increased to give the same noise output as the mixer 
at room temperature. 

An additional source of noise in the mixer, which must be 
considered at very short wavelengths, arises in the local 
oscillator. This noise has a frequency distribution which 
is a maximum at the local oscillator frequency and falls off 
on either side owing to the selectivity of the resonant circuit 
of the local oscillator. The magnitude of this noise at signal 
frequency, therefore, depends on the separation of the signal 
and oscillator frequencies, that is on the intermediate frequency, 
It is not usually significant until wavelengths as short as a 
few centimetres are reached, when the intermedixte frequency 


* The word ‘ gain” is used here in accordance with co:jwnon usage anid ir) 
the same senso as in the term amplifier gain. The recipy sol of the conversi 
gain as defined above is often called the conversion lo~ It should be reulisccl, 
that the words ‘* gain” and ‘* loss * used in this se lo not signify that 1) 
value of the quantity is zero in the case where th utput power eich thy 


input power. As stated above the value is thr: unity. 
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becomes a small percentage of the operating frequency. It 
may be reduced by increasing the intermediate frequency or 
practically eliminated by the use of recently developed types 
of balanced mixer described in section 5. 


General Theoretical Results 

The analysis of the operation of various types of mixer will 
not be reproduced here, as it has been adequately discussed 
in the literature. Instead, some general results of the theory 
for common types of mixer together with references, are given 
below. 

The operation of triodes as mixers is now reasonably well 
understood. At wavelengths longer than a value which 
depends on the design of the tube a conversion gain greater 
than unity is possible. A full discussion of their performance 
may be found in a paper by Malter.* 

The theoretical treatment of diode and crystal mixers is 
complicated by the large interaction between the input and 
output circuits. This is due to a reverse conversion process 
in which intermediate frequency energy is reconverted by the 
local oscillator to signal frequency energy. An analysis 
of diode operation has been given by James and Houldin and 
by Herold.* The conversion gain is usually much less than 
unity, which is in part due to circuit losses. However, even 
with zero circuit loss and with large local oscillator drive, 
the conversion efficiency depends on the impedance of the 
radio frequency circuits to the image frequency.‘ Herold, 
Bush and Ferris’ have shown that the conversion gain 
even for zero circuit losses, cannot be increased above 

‘— 3 decibels) if the image frequency conductance of the input 

nit is equal to the signal frequency conductance. A gain 


Malter, ‘‘ General superheterodyne considerations at ultra-high fre- 
” Proc. I.R.E., Vol. 31, October, 1943, pp. 567-75. ‘ 
Tames and J. E. Houldin, ‘‘ Diode frequency changers,” Wireless 


Bn ’ 20, January, 1943, pp. 15-27; and E. W. Herold ‘‘ Frequency 

MLN! ‘hodes,” Proc. I.R.E., Vol. 31, October, 1943, pp. 575-82. ; 
“Tie quency is equal to the signal frequency plus or minus twice 

the int: ite frequency. : 
SB.W. itv ul. RR. Bush and W. R. Ferris, *‘ Conversion loss of diode 


mixers ha... \tge frequency impedance,” Proc. I.R.E., Vol. 33, September, 


1944, pp. es 
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of unity is possible only when the image frequency impedance 
is zero or infinite. 

The theory of crystal mixer operation is very similar to 
the diode theory, the difference arising from the finite reverse 
conductivity of the crystal as compared with the essentially 
zero reverse conductivity of the diode. This leads to decreased 
conversion gain and increased local oscillator power con- 
sumption. 


2. Tube Mixers 


Triodes and Diodes 


At wavelengths in the region of a metre, the use of triode 
mixers has been common, since a conversion gain greater than 
unity may be obtained. Fig. 247 is a typical circuit for 


955 mixer 
HE by- poss 





To IF 
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30Mc/s 
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to 1F 





Figure 247.—Frequency converter for use at 14 metres using a 955 acorn 
triode mixer, Energy from the type 955 local oscillator is injected into 
the grid circuit of the mixer. 


operation at 200 megacycles per second. The mixer is a 
955 acorn tube, and grid injection of the local oscillator energy 
is employed. One or more stages of radio frequency ampli- 
fication are used at this wavelength to improve the signal 
to noise ratio (see Chapter XIII). 

It becomes increasingly difficult to design such a receiver 
as the wavelength is reduced. The gain of thw radio frequency 
amplifier falls to a point where immediate conversion gives 
better results. Ultimately, the gain of the triode mixer be- 
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comes so low that diode mixers can be designed to give superior 
results. The wavelength region in which these effects occur 
depends upon the tubes available, and the form of the radio 


Local Oscillator input Heaters 







EASO or 
D1 diode 






Quarter wove input transformer 


Amplifier 
Figure 248.—Diode mixer suitable for operation at 50 centimetres. 
The tuned circuit is a resonant, quarter wave, coaxial line. 
frequency circuits which may be used with them. When 
the acorn type tube represented the most advanced triode 
design, immediate conversion by a diode mixer was preferable 
at wavelengths of about 50 centimetres. Fig. 248 is the circuit 
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Figure 249.—A GL446 dise seal triode used as a microwave mixer. The 
struction of this type of tube permits operation at wavelengths as 
short as 10 centimetres, 
1) centimetre mixer using a type D1 or EA50 television 
di 
ki tly, dise seal triodes such as the CV90 and the GL446 
“Tigh: .ise’6 have been developed for use with cavity 


ie ie. \‘\\rthur, ‘* Dise-seal tubes,” Electronics, pp. 98-102, February, 
vu. 
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resonator circuits as described in Chapter XI, The application 
of this type of triode has reduced the wavelength at which 
gains greater than unity may be obtained from radio frequency 
amplifiers and mixers. A typical arrangement using a GL446 
tube is shown in Fig. 249. This type of mixer may be used 
between a wavelength of about 10 centimetres and the wave- 
length at which the cavity type circuits become too bulky. 
The performance of crystal mixers is superior, however, at 
wavelengths less than 25 centimetres. 


Other Mixer Tubes 


A special type of tube which gives good results as a mixer 
is the beam deflection tube. In this device the input signals 
are arranged to deflect an electron beam so that more or less 
of the beam current is deflected past an obstructing post on to 
a collector electrode. Separate deflecting circuits are pro- 
vided for the signal and local oscillator inputs, and it is possible 
to control the shape of the output-current versus deflecting- 
voltage characteristic by variation of the geometry of the 
obstruction. The latest tubes of this type developed by the 
Radio Corporation of America have given good performance 
down to 10 centimetres. However, the crystal mixer is still 
somewhat superior in this region, and as yet the beam de- 
flection mixer has not found application in radar design. 


Tubes employing the velocity modulation principle can 
be used as mixers and experiments have been made with 
various types. They have proved to be much noisier than 
crystals, however, and the method is not employed in exist- 
ing microwave practice. 


8. Microwave Crystal Rectifiers 


Construction 

Crystal rectifiers developed for centimetre radar are con- 
structed in cartridge form as shown in Fig. 250. The recti 
fying contact is provided by a sharpened tiiv<ten wire which 
bears on a piece of polished silicon. Both are mounted in + 


small ceramic tube, the tungsten whisker being connected 
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to a metal cap at one end, and the silicon to a metal pin at 
the other (in American crystals these connections are reversed).” 
A screw adjustment enables the pressure of the tungsten wire 
on the silicon to be varied during manufacture. When a 
satisfactory rectifying action has been achieved, the cartridge 
is impregnated with a filler through a small hole in the ceramic 
tube. This prevents the entrance of moisture and ensures a 
robust unit by increasing the mechanical stability of the 
contact. 


Locking Screw 


Wox filling 
Threaded and 
cemented 







Ad jjusting 
screw 





Brass cap 
Brass plug Silicon crystal 
sliding fit Ceramic. tube 8 mil Tungsten wire 


Figure 250.—Sectional view of the tungsten-silicon crystal cartridge 
developed in Britain for microwave operation. The drawing is 2} times 
full size. 


Although all crystals in use at present have silicon as_ the 
semi-conductor, recent developments in the use of germanium 
have resulted in some unusual properties which will be de- 
scribed below. 


Rectification by Crystals 
The fundamental theory of crystal rectification has been the 
subject of much research which will not be discussed here.® 
"> a great extent however, the successful performance of 
ser crystals is the result of the accumulation of a vast 
ant of empirical data on the preparation and treatment of 
licon and the polishing and etching of the contact surface. 


It heen found for example that the presence of minute 
Jk Cornelius, ** Silicon erystals for ultra-high frequency circuits,” 
Electr: ‘ shustries, Vol. 4, November, 1945, p. 74, et seq. : 

FS. Fo Anvello, Bibliography of the literature on crystal detectors, 


Westingi. Research Report SR106, September, 1941. 
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amounts of such impurities as aluminium and boron in the 
silicon have a marked effect on the results. Experiments 


on the type and amount of impurity to be added have resulted 
in improved performance. 


Equivalent Circuit 


Fig. 251 is the equivalent circuit usually used to represent 
the rectifying contact. C is the capacity of the boundary 
layer and is in parallel with a resistance R representing the 


R 
aint £9 
c 


Figure 251.—The equivalent circuit of the rectifying contact of a crystal 
rectifier. The resistance R representing the contact is large for voltages 
in one direction and small for those in the other. 


contact itself. The resistance R is large in one direction and 
small for sufficiently large voltages in the other. In series 
with both is the bulk resistance r of the silicon. 

The capacity C, which may be of the order of 1 picofarad, 
is one of the limiting factors in using these units at higher 
and higher frequencies, since it shunts the resistance of the 
contact in the backward direction. Various shapes of cats- 
whisker tip are used (conical, wedge shaped, etc.), but tho 
reduction of C by reduction of contact area is complicated 
by the necessity for low current densities to prevent the crystal 
being ‘burnt-out”’ too easily by leakage power from the 
aerial duplexing switch. 

The resistance 7 represents a loss of power by heating, and, 
for good power conversion efficiency, should be small. 


Welded Contact Crystals 

Recent research® on crystals using germanium as the semi- 
conductor showed that unusual properties could be obtained 
by welding the whisker to the germanium at the point of 


°H. Q. North, ‘‘ Final report on germanium ery-!uls,’’ General Elec (ri: 
Report on Contract OEMsr-1377, March, 1945. 
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contact. The welding was produced by the passage of a large, 
momentary DC current. This resulted in a value of r of about 
3 ohms, which is about one tenth of the value for normal 
silicon crystals. 

Measurements show that the conversion efficiency is very 
high but unfortunately the crystals are found to be much 
noisier than the usual tungsten-silicon type. 


Crystal Burn-out 


As stated in the chapter on aerial duplexing, crystals may be 
‘“burnt-out ”’ by excessive TR leakage power. This does not 
necessarily mean that the crystal ceases to function entirely, 
although this might happen with high enough leakage levels. 
However, if leakage exceeds the limits discussed in Chapter IX, 
both conversion gain and noise temperature may be impaired, 
and the receiver signal to noise ratio then decreases. 

Since “spike” energy in the TR leakage pulse is now 
believed to be the main factor causing impairment, crystals 
are subjected after manufacture to a burn-out proof test, 
before acceptance measurements of conversion loss and noise 
temperature are made. The proof test consists in exposing 
them to short DC pulses of the order of duration of the spike, 
and of energy 0-3 to 2-0 ergs depending on the application 
for which the crystals are intended. They are then classified 
as medium or high burn-out types respectively. 

Apart from the effects of TR leakage power, crystals may 
also be damaged by improper handling. Statice charges 
accumulated by an operator in a dry atmosphere must be 
discharged before the crystal is inserted in a mixer. Con- 
necting leads must be shielded against induced voltages from 

‘ighbouring electrical apparatus and when not in the mixer, 

crystal cartridge should be wrapped in metal foil, if likely 
‘ exposed to intense radio frequency fields. 


Pe -nanee Figures 
It : il to rate a erystal cartridge intended for a particular 
SAME as having a certain conversion gain and noise 


tempe: ‘ at a specified rectified DC current. This is the 
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performance which would be obtained in a mixer with zero 
circuit losses and having matched input and output imped- 
ances. The circuit losses of properly designed microwave 
mixers are negligible, so that the crystal performance is the 
performance of the complete mixer. Both the conversion 
gain and noise temperature of a crystal are functions of the 
rectified DC current through the crystal resulting from the 
injected local oscillator power. Increasing the latter increases 
the conversion gain, but makes the crystal noisier so that the 
noise temperature increases. There is, therefore, an optimum 
‘value of rectified current for which the overall noise factor of 
the receiver is a minimum. This value usually varies from 
0-3 to 1 milliampere depending on the individual crystal and 
the noise factor of the intermediate frequency amplifiers. 
The local oscillator power input corresponding to this current 
range is about 1 milliwatt. 

The following table gives the present rejection limits of 
conversion gain and noise temperature for various crystals. 
The performance of the average crystal is somewhat better. 


TABLE 7—CRYSTAL PERFORMANCE 








Noise 
Wavelength Conversion gain G Temperature Ty 
(decibels) (times) 
10 centimetres —6:5 2 
. high burn-out —8-0 2-7 
3 centimetres medium burn-out —65 27 
25 


about 1 centimetre —8-5 


4. Design Factors 


The design of a crystal mixer involves several factors, some 
of which are fundamental to all mixers, whereas others are 
imposed by the requirements of particular radar sets. 


Input Impedance Matching 

For maximum conversion gain all the signal cnergy must be 
transferred to the crystal. This requires that the input 
impedance to the mixer at the signal frequency be matelicd 
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to the characteristic impedance of the input feeder, which may 
be coaxial or waveguide. The input impedance is a function 
not only of the crystal itself but also of the geometry of its 
surroundings, and must be specified for a particular pair 
of terminals in the mixer. It is found to vary considerably 
from crystal to crystal. 


The process of design is then to measure, in a particular 
mixer, the complex impedance of a large number of crystals 
and to select an “average crystal” from among them. By 
adjustments of the mixer dimensions or by the addition of a 
suitable matching transformer, the average impedance of the 
mixer with this crystal may then be matched to the input 
transmission line. Provided the scatter of impedances about 
the average is not too large (say, a voltage standing wave 
ratio on the feeder of 0-5 or greater), the reflection loss with 
the extreme crystals in the batch will be small (less than 
0-5 decibels) and no tuning adjustments need be provided. The 
unit is then known as a preplumbed or fixed-tuned mixer and 
is good practice in radar design. This is partly because tuning 
controls are subject to misadjustment, and partly because the 
leakage power from a TR switch is dependent on the impedance 
presented to it by the crystal during the transmitter pulse. 
Hence tuning operations may lead to wide variations of leakage 
power and possible crystal burn-out. Sometimes, however, 
the impedance scatter may be too great to be ignored and a 
tunable mixer is necessary. The latter type of mixer is often 
desirable for use in laboratory measuring apparatus. In 
particular cases, it has been found possible to use the tuning 
control on the TR cavity to assist in adjusting the crystal 
impedances to the matched condition. 

During the transmitter pulse, leakage power from the TR 
tch changes the crystal impedance from its low level value. 

'. - causes the leakage power to vary from the value available 

« ‘natehed load, and it is desirable to design the mixer so 


U1 1.6 change of input impedance is such as to cause a 
dees cise in leakage power. In this way, the alteration of 
ctys'\! \s\pedance with power level gives a degree of self- 


protesion. In most cases, the required conditions may be 


§4] FREQUENCY CONVERTERS 401 


achieved simply by proper choice of the length of transmission 
line between TR switch and erystal. This will not affect 
the impedance presented to the switch at low signal levels, 


since the crystal in the latter case matches the impedance of 
the line. 


Loeal Oscillator Injection 


The local oscillator power is usually coupled into the mixer 
by means of an adjustable probe, loop or window. This 
coupling must not be too tight, otherwise some of the signal 
energy in the mixer will be lost by transfer to the local oscillator 
circuits. It has been shown’? that the fraction of the incoming 
signal power which is lost in these circuits is equal to the 
utilised fraction of the local oscillator power available at the 
mixer. Hence if 5 per cent loss of signal power can be tolerated, 
the coupling between the mixer and local oscillator must be 
weak enough to inject only 5 per cent of the power available 
at the terminals of this coupling. Since the injected power 
must be about 1 milliwatt, the available local oscillator power 
at the terminals must be not less than 20 milliwatts. 

Owing to the necessarily weak coupling, the resulting load 
on the local oscillator is largely reactive so that its output 
may vary greatly with tuning, with consequent difficulty of 
adjustment. An improvement in this respect results if some 
of the local oscillator power is fed into a dummy load, or if 
attentuation is inserted between the oscillator and the mixer 
coupling terminals. Both these methods require increased 
oscillator power to maintain the same available power at the 
mixer. A better solution has recently been obtained, with the 
development of the “ magic tee’ type mixer described in 
section 5. 


Radio Frequency Filtering 


The difference or intermediate frequency is selected from the 
mixer by means of a filter which must prevent lcakage of 
radio frequency energy. A simple by-pass capacity is some- 


10C, W. Oatley, *‘ An analysis of the best way of feeding local oscillator 
power into centimetre wave mixers,”’ Air Defence Researcii and Development 
Establishment, Christchurch, Report 149, March, 1!) 42. 
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times used, but more effective are filters making use of seotions 
of transmission line which are a quarter wavelength long at 
the radio frequency. Since the connection between the mixer 
and the intermediate frequency amplifiers is normally coaxial 
in form, the quarter-wave filters may be arranged in either 
of the two ways shown in Fig. 252. In each case the short 
circuited sections ABC are resonant at the radio frequency 
and introduce an impedance which is nominally infinite to 
this frequency between the points AC in series with the coaxial 
line. These sections have a negligible series impedance to the 
intermediate frequency. Hence, over a band centred on the 
resonant frequency, the leakage of radio frequency energy is 
prevented to an extent which depends on the number of filter 
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Figure 252.—Two methods of constructing coaxial, quarter wave filter 
sections. This type of filter is often used to prevent leakage of RF 
energy from a mixer into the IF circuits. 


sections used. Normally one section is sufficient. The 

design of a radio frequency filter must take into account the 

output capacity to the intermediate frequency. It is desirable 

to keep this capacity to a minimum when wide band amplifiers 
required, 


recial Applications 

Ml) radar converters are usually required to perform 
oth “inetions in addition to frequency conversion of the 
recel\. ! «cho signal. It is common in microwave radar 
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equipments to use automatic frequency control (AFC) circuits 
to maintain correct tuning of the local oscillator relative to the 
magnetron frequency. The discriminator circuit of the AFC 
unit may be operated by the intermediate frequency output 
from the signal mixer during the transmitter pulse. This 
output however, contains the characteristic “ spike ” generated 
by gas discharge TR switches (see Chapter IX, section 5) and 
the frequency components in this spike tend to confuse the 
discriminator operation. It has become the practice, there- 
fore, to provide a second mixing chamber and crystal coupled 
to a common local oscillator. A very small fraction of the 
transmitter power is transferred from the main feeder to this 
AFC mixer and after conversion to the intermediate frequency, 
operates the discriminator. The modulation envelope of this 
pulse is merely that of the transmitter pulse, so that the 
unwanted “ spike ” frequencies are absent. 


When the radar set is required to operate with beacons 
(see Chapter XX), the signal received from the latter in response 
to the transmitter pulse is often on a frequency different from 
that of the radar. A second local oscillator coupled to the 
signal crystal is then provided, and is tuned to the correct 
frequency relative to the beacon frequency. 

With the additional facilities described above, the complete 
radar frequency converter unit comprises a signal frequency 
mixer with echo and beacon local oscillators and an AFC mixer. 


5. Typical Crystal Converters 
Adjustable Mixer 


Fig. 253 shows an early design of radar mixer in which the 
crystal is plugged into a quarter-wave coaxial cavity tuned 
by the capacity between an adjustable plate and the central 
conductor. The signal is coupled into the cavity by means 


of a probe, the insertion of which provides a second matching 
adjustment. Another adjustable probe, loosely coupled, 
injects the local oscillator power. The mixer is often mounted 
directly on the intermediate frequency prewuiplifier chassis, 


so that a short connection is possible to (le mixer output 
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terminal on the bottom of the unit. This output is by-passed 
to radio frequency energy by means of the capacity shown. 


Connection between the probes and the rest of the radio fre- 


[oo View A-A 


Tuning | 
Crystal 
Signal Local 
input oscillator 
input 
RF by-pass 
to capacity \F output 
A 


Figure 253.—An early type of adjustable erystal mixer for microwave 
operation. The variable capacity tunes the cavity to resonance. 


quency system is by means of flexible feeder. Although 
superseded in radar practice by other types, this form of 
mixer is often convenient for laboratory experimental work. 


Coupling adjustment 






+——-Local oscillator 


TR cavity inpu! 
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Figure 254.—Coaxial erystal mixer for direct connection to the TR 
switch cavity. All adjustments, except the local oscillator coupling, 
are fixed. 
Coaxial Type Mixers 
Fig: 5+ is an example of a coaxial-type mixer which is mounted 
rigidly on the TR switch cavity. The signal energy, coupled 
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out of the TR cavity by means of a loop, is matched to the 
“average ”’ crystal impedance by means of a quarter-wave 
transformer and no tuning adjustments are provided. Other 
types of fixed impedance transformer might of course be 
used. The local oscillator power is injected by means of an 
adjustable probe and the output, after passing the quarter- 
wave radio frequency filter, is fed to the intermediate frequency 
amplifier by a length of flexible coaxial cable. Access to the 
crystal cartridge is obtained by unscrewing the filter unit. 


Waveguide Mixers 


A waveguide crystal converter for use in the 3 centimetre 
wavelength region is shown in Fig. 255. In this case the 
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Figure 255.—Crystal converter for 3 centimetre operation using the 
.TE,, mode in rectangular waveguide. The local oscillator is a low- 
voltage, reflex klystron. 


crystal is mounted perpendicular to the axis of the guide. 
The cap of the crystal is earthed and the pin plugs into the 
centre conductor of the coaxial intermediate frequency output 
feed, which is filtered as before by a quarter-wave section. 
A waveguide plunger behind the crystal and a pair of matching 
screws provide tuning adjustments, if the scatter of crystal 
admittances is too great for preplumbing. Other standard 
forms of fixed or variable matching transformer may be used. 
The local oscillator is a 723A low voltage klystron, which has 
been described in Chapter XI. This tube is mounted in a 
socket attached to the mixer so that the sma!! output acrial 
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projects into the waveguide through a hole. Sometimes a 
quarter wave filter is incorporated in this aperture to prevent 
leakage. A screw mechanism enables the tube to be moved up 
or down so that the insertion of the aerial is varied. This 
provides a control of oscillator coupling. A waveguide mixer 
of this type is coupled directly to the TR cavity by means of 
a window as shown. 

Fig. 256 illustrates a method of local oscillator injection 
which gives improved loading of the oscillator. The oscillator 
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Figure 256.—Waveguide converter with an added resistive load for the 
local oscillator. This improves the stability of operation during tuning 
adjustments. 


probe feeds an auxiliary waveguide which is terminated in its 
characteristic impedance. A portion of the power flowing 
down this auxiliary guide is coupled into the mixing chamber 
through a window and the coupling is adjusted by the insertion 
of a screw as indicated. 


AFC and Beacon Facilities 
-\s previously described, some frequency converters are 
required to operate on either echoes or beacon signals and to 
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provide an output suitable for automatic frequency control. 
The converter described in the previous paragraph (Fig. 256) 
may be developed to include these facilities by the addition 
of a beacon local oscillator and an AFC mixer, as shown 
in Fig. 257. A third crystal and the cavity shown coupled 
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Figure 257.—Waveguide crystal converter having a separate AFC mixer 
and a beacon local oscillator, the frequency of which is controlled by 
the preset resonant cavity. 


to the beacon oscillator represent a method of stabilising the 
frequency of the latter relative to the beacon frequency. 
The resonant frequency of the cavity is accurately preset 
to the required oscillator frequency. In conjunction with 
suitable circuits, the crystal output may then be used to supply 
a correcting voltage to the electronic tuner of the oscillator 
whenever its frequency differs from resonant frequency of the 
cavity. 


Balanced Mixers 


Various forms of balanced mixer using two crystals have 
been devised. ‘The one which has received the most develop- 
ment uses the magic tee junction described in Chapter VII. 
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Fig. 258 shows the arrangement. There is no mutual coupling 
between the # and H branches of the junction. Hence, if 
the echo signal is fed into the # branch and the local oscillator 
output into the H branch there will be no loss of signal energy 


Signal 


with RF filter 






local oscillotor 


!F balance to 
unbalance transformer 


To IF ompiifiers 
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Figure 258.—A balanced crystal mixer using a ‘“‘ magic-tee ’ waveguide 
junction, the four branches of which are shown in the one plane for 
convenience, 


to the oscillator circuits. Also all the available power from 
the local oscillator is utilised, one half going to each crystal. 
As the latter represents a fairly well matched load, the opera- 
tion of the oscillator is stable with tuning. 
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Figure 259.—A waveguide unit which has balanced signal and AFC 
mixers and uses three “‘ magic-tee ’’ junctions. 


Another excellent feature is that noise originating in the 
local oscillator may be practically eliminated in the output. 
Sig ls from the E branch excite in-phase currents in the two 
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crystals, whereas noise from the H branch excites out-of-phase 
currents. The intermediate frequency outputs from the 
crystals are combined in the push-pull transformer shown. 
By winding the latter in the proper sense, the signal currents 
may be made to add and the noise currents to cancel. This 
feature is especially important at very short wavelengths as 
discussed in section 1, p. 391. It has been found that small 
differences in the characteristics of the two crystals do not 
affect the cancellation of the noise to any significant extent. 

Fig. 259 shows the way in which this circuit is developed to 
include an AFC mixer. Cross coupling between the signal and 
AFC mixers is inherently small. 


6. Measurement of Performance 


Conversion Gain 

Measurement of conversion gain may be made in a straight- 
forward fashion by noting the amount of power from a radio 
frequency signal generator which must be injected into the 
mixer to give a certain receiver output. If the frequency 
converter is then replaced by an intermediate frequency 
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Figure 260.—Apparatus for the measurement of the conversion gain ne 

BR as T * sig: rener: suse y 

the noise temperature of a mixer. The RF signal gene rator 48 3358 € = y 
as a matched load when noiso temperature measurements are made, 


signal generator, and the power output of the latter adjusted 
to give the same receiver output reading, the conversion ee 
is given by the ratio of the intermediate to the radio Seay 
power. This measurement is illustrated diagrammatically 
in Fig. 260. In practice the method requires great care in 


R.—14. 
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matching both the input and output impedance of individual 
crystals,12 

Simplified methods cf measuring the conversion gain have 
been devised but cannot be described in detail here. One of 
these depends on the fact that the gain correlates quite closely 
with the rectified direct current produced by a CW radio 
frequency oscillator matched to the mixer.!2 In the second 
method, the oscillator is modulated at a low frequency and the 
amplitude of this frequency component across a suitable load 
in the mixer output is measured.!* In both methods, the local 
oscillator is of course switched off. 


Noise Temperature 


The noise temperature of a mixer may be measured as follows 
(see Fig. 260). With the mixer operating under normal 
conditions, the receiver gain is adjusted to give a convenient 
noise output reading. The mixer is then replaced by an 
intermediate frequency signal generator modified to have 
the same output impedance as the mixer, so that its noise 
output when switched off is equal to kT'B. It is then switched 
on and the output increased until the original receiver noise 
output reading is duplicated. The power delivered by the 
generator is then equal to the excess noise power of the mixer 
above LTB. 


noise output of mixer 
kTB 
kT B + excess noise 
= kTB 
1 + power delivered by generator 
7 kTB ; 
For this measurement the radio frequency signal generator in 


1A. W. Pybus, ‘‘ Testing of mixer crystals on S-band,” Radio Research 
Laboratory, University of Melbourne, Report, March, 1944. 

8. Roberts and (. Whitmer, ‘‘ Comparison of the usual methods ae 
ing conversion loss of crystals and a new empirical method, apes st 
Institute of Technology Radiation Laboratory, Report 408, August, 2 

“S. Roberts, ‘' A simplified analysis of conversion loss of crystal oe 
verters,”’ Massachusetts Institute of Technology Radiation Laboratory, 
Report 53-23, July, 1943. 


Hence Ty = 
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Fig. 260 is switched off and merely acts as a load matched to 
the mixer input. , 


Alternatively, if the noise factors of the intermediate fre- 
quency amplifier (N;,) and of the overall receiver (Np) are 
known, and the conversion gain (G) is measured, J'y may be 
calculated from the known relation between these quantities. 


Ty + NF yp —1 
Se 


Mixer Input and Output Impedance 


A knowledge of these parameters is important both in design 
and the measurement of mixer performance. 


The input or radio frequency impedance of a mixer may be 
measured by standard microwave impedance methods. These 
techniques usually involve the use of some form of standing 
wave measurement and have already been described in 


Chapter VII. 


A measurement of the output impedance of a mixer at the 
intermediate frequency may be made by means of a suitable 
impedance bridge with the local oscillator switched on. Alter- 
natively, sufficient external resistance may be inserted in sories 
with the mixer output to reduce the rectified direct: current 
te half its value when the output is short-circuited. This 
value of resistance is then equal to the output impedance of 
the mixer.?1 


CHAPTER XIII 


AMPLIFIERS 


THE amplification of the signals received by a radar system 
is divided between amplifiers operating at signal, intermediate 
and video frequencies. The general considerations involved 
in the design of these units have been outlined in Chapter X. 
In the present chapter, each type of amplifier is discussed in 
more detail, following introductory sections on certain funda- 
mental aspects. 


1. Sensitivity 


As explained in Chapter X, the ultimate performance of an 
ideal receiver in which the valves generate no noise is deter- 
mined by the thermal radiation absorbed by the aerial. When 


Signut 





Figure 261.—The equivalent circuit of the input stage of a receiver. 
The sources of noise are the aerial resistance R,, and the valve noise 
represented by fictitious resistors R, and R,. 


the latter is in radiative equilibrium with its surroundings, 
the noise power at the receiver input is the Johnson noise in 
a resistor at ambient temperature whose resistance is equal to 
the radiation resistance ; the noise factor of such a receiver 
is unity. 

The noise factor of a practical receiver is greater than 
unity because of noise generated in the valves. It is usual 
to represent the various sources of noise in a valve by the 
fictitious resistors shown in Fig. 261, which is the equivalent 
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circuit of the input stage of a receiver. The resistor R, is 
equal in value to the input resistance to the grid due to elec- 
tronic loading. By assigning an effective temperature greater 
than room temperature to this resistor, its thermal noise may 
be taken to represent the induced grid noise of the valve. 
The resistor R, in series with the grid and at room temperature 
is equivalent to all other noise sources in the valve, such as 
shot effect, electrode partition noise, etc.? : 

For all practical purposes the overall noise factor of the 
receiver is determined by the noise generated in the input 
Stages because the gain of these Stages raises the signal and 
noise powers to levels where subsequent noise contributions are 
insignificant. For optimum noise factor, the input circuit of 
the first stage (Fig. 261) should be slightly mismatched to the 
generator,? but in most cases the improvement is small and it 
is much easier in practice to adjust the circuit to the matched 
condition. The input stage referred to here may be a signal 
frequency amplifier or a valve mixer, If a crystal mixer is 
used, these considerations apply to the first stage of the inter- 
mediate frequency amplifier. 

The overall noise factor N,,, of the receiver? is given by 

N,-—1 
Nyy = Ny 4 “G, — (1) 
where J, is the noise factor of the input stage, G, is the power 
gain of the input stage and N, is the noise factor of the rest 
of the receiver. This expression shows that the noise factor of 
the receiver approaches that of the first stage if the gain of 
the latter is sufticiently Jarge. 

The noise generated by a valye when used as a signal- 
frequency amplifier is less than that of the same valve used as 
amixer.4 Thus, as shown by equation (1), the noise factor of a 
receiver may be reduced by using one or more stages of signal- 

*D. O. North and W. R. Ferris. °° Fluctuations induced in vacuum tube 
grids at high frequencies,” Proc. JR... Vol. 29, February. 1941, pp. 49-50. 

?W. A. Harris, ** Fluctuations in space-charge limited currents at moder- 
ately high frequencies, Part V,"° R.CLA. Ber, V April, 141, pp. D05-24, 

*H. T. Friis, *‘ Noise figures of radio reerivers,” Proc. IRE. Vol. 32, 
July, 1944, pp. 419-22. 


*L. Malter, ‘t General superheterodyne considerations at ultra-high  fre- 
quencies,” Proc. J.R.E., Vol. 31, October, 1943, pp. 567-75. 
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frequency amplification provided the gain of each amplifying 
stage is large which will be so if the signal frequency is low 
enough. If the signal frequency is so low that the circuits of 
the receiver have to be “loaded down ” with external shunt 
resistance in order to achieve the desired bandwidth, the 
gain of the valve as an amplifier is higher than its gain as a 
mixer. As the signal frequency is increased, however, the 
external loading necessary to give the desired bandwidth 
decreases and becomes zero at a certain frequency owing to the 
increase in electronic loading. Above this frequency, the 
gain of an amplifying stage falls faster than the gain of a 
mixer stage because the anode load impedance of the amplifier 
decreases with increasing signal frequency, whereas that of 
the mixer remains constant since it operates at intermediate 
frequency. Ultimately the gain of the amplifying stage is 
reduced to the point where, despite the lower noise resistance 
of the valvo, a better receiver noise factor is possible by im- 
mediate conversion. The frequency at which this happens 
depends on the valves which are available. 


2. The Product of Bandwidth and Stage Amplification 


The amplitying valves in a radar receiver operate under 
conditions in which the amplification of each stage is limited 
by the required bandwidth. This restriction is equally true 
for television or any other application where the circuits are 
required to have comparable speeds of response. Although 
developed primarily for radar purposes, the techniques de- 
scribed in this chapter consequently apply to a much wider 
field. 

Wheeler? has shown that the theoretical limit of stage 
amplification for a given bandwidth is 


— Im_ (2) 
aBU 

where g,, is the transconductance of the valve, B is the band- 

width, and (' is a capacitance which is a function of the anode 


_°H. A. Wheeler, ** Wide band amplifiers for television,” Proc. LBB. 
Vol, 27, July, 1939, pp. 429-37. 
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capacitance of the valve, the input capacitance to the following 
stage and wiring capacitances. The limit of amplification 
for a given valve may be approached quite closely by using 
suitable interstage coupling networks. Less complex coupling 
circuits can achieve at most half the ultimate performance, 
but are often used for simplicity or convenience. For any 
given valve and type of coupling network the product of 
amplification and bandwidth is a constant ; it is also a constant 
fraction of the theoretical limit. The designer has then to 
choose his valves and circuits to realize a stage performance 
which will satisfy the overall amplification and bandwidth 
requirements. 

Sections 4 and 5 deal with the design aspects and relative 
merits of various circuits for intermediate- and video-frequency 
amplifiers. Similar considerations apply to the amplification 
and bandwidth characteristics of signal-frequency amplifiers. 
However, because of electronic loading, the bandwidth of a 
signal-frequency amplifier nearly always exceeds the require- 
ment and is not an important factor in the design. 


8. Signal Frequency Amplifiers 


The limitations imposed by electronic loading on the highest 
frequency at which a valve may be operated as a signal- 
frequency amplifier have been discussed in section 1. This limit 
is also considerably influenced by the physical form of the 
valve. In the microwave region the radio frequency circuit 
with which the valve is associated is usually a section of trans- 
mission line or a resonant cavity. It is essential that the 
valve should be constructed so that the connection to this 
circuit involves as little discontinuity as possible. This 
requirement leads ultimately to designs in which the circuit 
and valve can be distinguished electrically only because the 
former is the region where electromagnetic energy is stored 
and the latter the region where the fields and electrons interact. 

Pentodes such as the 954 acorn and the 6AK5 miniature type 
have often been used as signal-frequency amplifiers at fre- 
quencies as high as 200 megacycles per second. It is well 
known, however, that, owing to the absence of screen partition 
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noise, the value of the noise resistance R, is much less for 
triodes than for pentodes. For example, Burgess,* who has 
experimentally confirmed the theoretical expression for R,, 
gives values for a high-slope triode and a pentode of 310 ohms 
and 880 ohms respectively. It was difficult in the past to 
take advantage of the better noise characteristics of triodes 
because their large grid-anode capacitance made some form 
of stabilisation necessary. Neutralisation was sometimes 
employed for this purpose but was found to be rather critical 
at frequencies of 200 megacycles per second. A recent method 
of ensuring the stability of triodes is to use a grounded-grid 
circuit in which the grid is connected to ground and is designed 
specially to act as a shield between cathode and anode.’? The 
input signal is applied between the cathode and ground and 
the load impedance connected between anode and ground. 
The noise resistance R, under these conditions is only slightly 
greater than it is for the same valve connected as a conventional 
amplifier. The input impedance of a grounded-grid amplifier 
is inherently low (see below) but it may be of the same order 
as or even greater than the grid input impedance of an ordinary 
amplifier at higher frequencies due to the severe effects of 
electronic loading on the latter. In general, grounded-grid 
triode amplifiers are to be preferred to grounded-cathode 
pentodes above 100 megacycles per second but the latter are 
used below this frequency because electronic loading is no 
longer excessive. 

When the frequency is higher than about 500 megacycles 
per second, the construction of valves such as the 954 and the 
6AK5 is inadequate owing to lead inductance and other sources 
of stray reactance. To overcome these difficulties, disc-seal 
triodes such as the GL446.8 and the CV90 were developed. 

®R. E. Burgess, Signal/noise characteristics of triode input circuits,” 
Wireless Enginecr, Vol. 22, February, 1945, pp. 56-61. 

7R. F. Treharne, ‘* Grounded grid triodes as pre-amplitiers,” C.S.1.R. 
Radiophysies Laboratory. Report RP 166, January, 1943 ; M. Dishal ‘* Theo- 
retical gain and signal to noise ratio of the grounded grid amplifier at ultra- 
ligh frequencies.” Proc. J.R.E., Vol. 32, May, 1944, pp. 276-84; and M. C. 
Na “Grounded «rid radio frequency voltage amplifiers,” Proc. I.R.E., 
2. July, 1944, pp. 423-9. 


~ EL 1), MeArthur, ‘ Dise-seal tubes,” Electronics, Vol. 18, February, 1945, 
pp. ve 192, 
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These valves, which have been described in Chapter XI have 
disc connections to the electrodes and are intended for use 
with coaxial or other form of cavity resonator. Close spacing 
of the electrodes ensures that transit-time effects are as small 
as possible. The grid of the disc-seal triode (Fig. 262) com- 
pletely shields the grid-cathode cavity from the grid-anode 
cavity so that the operation is of the grounded-grid type. 


Anode 


Grid 
Cothode 





Figure 262.—Signal frequency amplifier using a dise seal triode (GL446) 

in a grounded-grid circuit. A and B are tuning plungers. ‘This diagram 

indicates the RF arrangements only and shows no provision for the 
introduction of DC potentials. 


With this type of valve it is possible to design amplifiers with 
substantial gain at frequencies as high as 3,000 megacycles 
per second. 


Characteristics of the Grounded-grid Amplifier 
Fig. 263 shows a single-stage grounded-grid amplifier ; the 
amplification ratio is 
y 2 
Ve = ae — (4 + 1) (3) 
J 1 pt Rk, 
where y is the amplification factor and p is the anode resistance, 
or (u + 1)/ye times that for a grounded cathode amplifier, 
Thus both types of circuit have essentially the same amplifica- 
tion ratio for large values of 4 


418 A TEXTBOOK OF RADAR (Ch. XII 


The input resistance R,; is low and is given by 


_p +R, 

R; > pei (4) 
so that the voltage step-up obtainable in the input transformer 
is correspondingly small. The input resistance given by the 
formula is due to anode-circuit impedance “ reflected ’’ into the 
input circuit. The formula neglects circuit losses and transit- 
time conductance. At frequencies where the latter assumption 
is untrue the input resistance becomes the parallel combination 





Figure 263.—A single stage grounded-grid amplifier. The resistance 
between cathode and ground is R; (equation 4) and the input resistance 
of the stage is R; transformed to any desired value by the input circuit. 


of R;, and R, the resistance due to transit-time loading. In 
practice, valves may have sufficient cathode-lead inductance 
to change this input resistance. As a result, although theo- 
retical figures are a valuable guide, it is necessary in most 
receivers to design the input circuit experimentally for the 
most favourable performance. This occurs when the input 
impedance is slightly mismatched to the generator (see p. 413). 
For u > 1, the optimum load impedance (Jones,’ p. 429) 
is given by 
Rp =pV1l+Rigm - (5) 
If the succeeding valve is a pentode, a x matching network as 
shown in Fig. 264 (a) is suitable for transforming the grid 
input resistance R, of the pentode to a value approaching 
the optimum. When 2, is low it is desirable to make C,/C; 
as large as possible ; however an upper limit is imposed by the 
required bandwidth. Tuning adjustments may be made by 
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a, trimming condenser in parallel with C,, or a large variable 
condenser in series with ZL. When a grounded-grid stage is 
followed by another of the same type, the transformation ratio 
is large and the circuit of Fig. 264 (b) has been found very 
suitable. The inductance L, is small and may be a short 
metal strip or a piece of thick wire. 


&) &) 


6s 
C\+Co 





2 
r-(2) Rg Leow” =1 where Co= 


Figure 264 (a).—A circuit suitable for transforming the grid input 
resistance of a pentode to a value Iz, which is a suitable load impedance 
for the grounded-grid stage. 
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Figure 264 (b).—An impedance transforming circuit which is preferred 
when the following stage is also a grounded-grid_ triode. 


The noise factor (Jones,” p. 428) of a grounded-grid amplifier 
(Fig. 265) for the matched input condition is 





R R, 
wes Ss oe bee 6 
J RAY RAPA? (8) 


where R, is the equivalent noise resistance of the first valve, 
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R, is the equivalent noise resistance of the second valve, R, is 
the generator impedance, A, is the amplification of the input 
cireuit (= V,/V,) and A, is the amplification of the first stage 
(= V2/V4). 





Figure 265.—Grounded-grid input stage. The voltages Vo, V,, V, 
are used in deriving equation (6) which is based on the matched input 
condition. 


Other analyses of grounded-grid amplifiers have been 
published® which include the effect of transit-time loading on 
noise factor and power gain. The reader is referred to these 
papers for a more detailed treatment. 

A circuit recently developed in America uses two triodes 
and enables the low noise properties of triodes to be realised 





Figure 266.—A low noise input circuit which uses a neutralised triode 
followed by a grounded-grid triode. 


without suffering the low input impedance of a grounded-grid 
circuit. Fig. 266 shows the arrangement. The triode V, is 
operated with its cathode grounded and is neutralised. How- 
ever, stability is ensured primarily by using the input imped- 

°S. G. Tomlin, ‘‘ Operation of the earthed grid amplifier at very high 
frequencies with large transit angle,” Standard Telephones and Cables Valve 
Laboratory, Report G32, September, 1941; W. E. Benham, ‘‘ The grounded 


grid triode,” A.C. Cossor Research Department, Report MR115, undated, 
and Dishal,? p- 280. 
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ance to V, as the load impedance of V, and, since V, is a 
grounded-grid triode, this input impedance is very low. The 
current amplification of V, is approximately unity so that the 
amplification of the two stages together is g,,R, which is the 
amplification the first valve would have with a load resistance R. 
The combination may be regarded as the equivalent of a 
single grounded-cathode triode with zero grid-anode capacity, 


and a transconductance and noise resistance equal to those 
of V,. 


Table 8 shows typical noise factors for amplifiers operating 
between 30 and 200 megacycles per second. Numerical 
values are given for various types of valves and circuits. 
Although given here to illustrate the performance of signal- 
frequency amplifiers these noise factors apply equally well 
to the performance of intermediate-frequency amplifiers 
operating at the stated frequencies. 


TABLE 8—TYPICAL NOISE FACTORS FOR AMPLIFIERS OPERATING 
BETWEEN 30 AND 200 MEGACYCLES PER SECOND 


Noise factor of amplifier 
Type of circuit First Second (decibels above kT B) 
stage stage |————_|——___- 
30 Mc/s) 70 Me s 200 Me's 











Pentodes 6AK5 6AKS | 3 | 45 12 
6ACT 6ACT a5 8 
954 954 | 13 
Grounded-grid_ triodes 634 6J4 | 8 
RL37 | RL37 | | 4 9 
Grounded-grid triode and | RL37 | 954 10 
pentode | GLA46 | 954 | 10 
Fase ete a sf = |———— a 
Neutralised triode and | 6J4 634 2 | 6 
grounded-grid triode 616 | 606 2 | 
. | GAKS | 6J4 2-5 | 
| GAKS | 636 2-5 





Using a GL446 disc-seal triode, a single-stage amplifier 
may be designed to have a noise factor of about 11} decibels 
and a power gain of 10 times at 3000 megacycles per second. 
As indicated by equation (1) the overall noise factor of a 
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receiver using a signal-frequency amplifier of this type would 
be at least 11} decibels, but at present it is possible to obtain 
lower values with receivers in which the first stage is a crystal 
converter. Crystal converters are therefore preferred in the 
region of 3000 megacycles per second, but disc-seal amplifiers 
of the type described become of value at frequencies below 
about 2000 megacycles per second. 


4. Intermediate-Frequency Amplifiers 


Gain and Bandwidth 


The bandwidth of an intermediate-frequency amplifier is 
normally defined as the frequency difference between points 
on the response curve 3 decibels below the maximum. This 
definition is convenient for most calculations involving tuned 
circuits and is also useful when considering noise phenomena. 
The noise-power formula k7'B (Chapter X) gives the noise 
power transmitted by an ideal band-pass filter which has 
uniform response over the band B and is zero elsewhere. In 
practical band-pass devices, the bandwidth used in this formula 
is very closely equal to the 3-decibel bandwidth. The only 
exception to this is a band-pass filter consisting of one single- 
tuned stage. The 3-decibel bandwidth also provides useful 
information about transient response, but in this connection 
the bandwidth defined with respect to the 15-decibel points 
is also significant (see p. 432). 


The simplest design of intermediate-frequency amplifier 
employs sufficient cascaded stages to give the required ampli- 
fication and bandwidth, each of the stages having a single 
resonant circuit tuned to the operating frequency. This 
design is always preferred for production purposes ; alignment 
is straightforward and tolerances on components have the 
least effect on the overall performance. The product, ampli- 
fication times: bandwidth for a single resonant circuit, is 
4, 2~C which is half the theoretical limit given in section 2. 
When several stages of the same amplification are cascaded, 
the overall bandwidth is reduced and the fractional reduction 
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1 
is given by (2 — 1)t where n is the total number of tuned 
circuits.!° This factor is plotted as curve A in Fig. 270. For 
an eight-stage amplifier the product of amplification times 
bandwidth is reduced 10-5 decibels, so that for the amplifier 
to have an overall bandwidth of 3 megacycles per second, each 
stage must have a bandwidth of 10 megacycles per second. 


The product of amplification times bandwidth for each 
isochronous stage is constant for a given valve, but the number 
of stages » for a given overall amplification may be chosen at 
will. If a small number of high-amplification stages is used, 
each stage will have a relatively small bandwidth. As n is 
increased, the necessary amplification per stage becomes less 
so that the bandwidth of each stage may be increased. ‘The 
resultant increase in overall bandwidth, however, is opposed 
by the reduction factor described above. Ultimately this 
factor predominates and the overall bandwidth decreases 
with further increase of n. Hence at a certain value of n 
there is a maximum overall bandwidth for a given overall 
amplification. With 6AC7 valves and a required overall 
amplification of 105, the maximum bandwidth occurs with 
23 stages and is 6 megacycles per second. 


In practice, amplifiers with isochronous stages composed of 
a single resonant circuit have been used for bandwidths of 
2 megacycles per second or less. This covers the majority of 
radar requirements. The use of more elaborate schemes is not 
justified because of the added production complexity and the 
difficulty of servicing. Isochronous circuits have the unique 
advantage that an amplifier using them may be aligned on any 
convenient signal. Each circuit is tuned for maximum output 
and it is seldom important if the centre of the pass band is 
slightly different from the nominal intermediate frequency. 


10H. A. Wallman, ‘* Stagger tuned IF Amplifiers,’ Massachusetts Institute 
of Technology Radiation Laboratory, Report 524, October, 1943; and ** IF 
Amplifier Design,”” Massachusetts Institute of Technology Radiation Labora- 
tory, Report IV-9S, April, 1942. 
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When greater bandwidths are needed, stagger tuning has 
proved quite satisfactory.11 Stagger tuning may be applied to 
a group of 7 stages, where r is a number greater than one. 
Groups containing 2, 3 and 4 stages are called pairs, triples 
and quadruples respectively and the general case is referred to 


“ce 


as an ‘“‘r-uple.”” The complete amplifier contains one or more 
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Figure 267.—The component resonance curves and the resulting overall 
response in an exact staggered pair, r = 2. 
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Figure 268.—The component resonance curyes and the resulting overall 
response in an exact staggered triple, r = 3. 


r-uples as required. The tuned circuits in each r-uple are 
resonated at selected frequencies within the pass band and by 
adjusting the bandwidths and frequencies to appropriate values 
the overall response curve may be given a flat top. This is 


*1'V. D. Landon, ‘ Cascade amplifiers with maximal flatness—Part I,” 
RCA. Review, Vol. 5, January, 1941, pp. 347-62; and Part II, April, 1941, 
pp. 481-97; D. Weighton, ‘* Performance of coupled and staggered circuits 


in wide band amplifiers,” Wireless Engineer, Vol. 21, October, 1944, pp. 468-77; 
and Wallman.!® 
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illustrated for a staggered pair and a triple in Figs. 267 and 268. 
The method of design which yields a flat top is termed exact 
staggering. An exact staggered r-uple has the same overall 
bandwidth times mean stage amplification as one single-tuned 
stage, where the term mean stage amplification is used because, 
in general, each stage in the group has a different amplification. 
Stagger tuning therefore eliminates the reduction in band- 
width which occurs when isochronous circuits are cascaded. 
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Figure 269.—Design chart for staggered r-uples whose centre frequency 

is fy and overall bandwidth B. The horizontal scale is a function of the 

frequency and a value of 1 represents the 3 db. points of the r-uple. 

The numbor attached to each point is the Q of that cireuit, expressed in 
terms of f,/B. 


Large values of 7 in a staggered amplifier lead to critical 
adjustments because high Q circuits are necessary near the 
edges of the pass band. A small value of r is therefore pre- 
ferred provided the performance requirements can be satisfied ; 
for example, four staggered pairs are superior to two quad- 
ruples. Design data are given in Fig. 269 for r equal to 2, 3, 4, 5. 
Because a staggered amplifier has the same mean stage ampli- 
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fication times overall bandwidth product as a single tuned 
stage the value of this product is one half the theoretical limit. 
Fig. 270 shows the fractional reduction in bandwidth when 
r-uples are cascaded for r equal to 2 and 3. 

The effect of stagger tuning may be illustrated by the case 
of a 6-stage isochronous amplifier with a bandwidth of 2 mega- 
cycles per second, in which conversion to two staggered triples 


Decibels reduction in bandwidth 








2 4 BB 7B Se Ot 
Number of r-uples 


Figure 270.—The degree to which the 3 db. bandwidth of an amplifier 

of n r-uples is less than the bandwidth of identical constituent r-uples. 

Curve 4 is for » single stages, curve B for x exactly staggered pairs and 
curve C for n exactly staggered triples. 


increased the bandwidth to 5 megacycles per second without 
altering the overall gain. Each set of three stages was con- 
verted to a triple by leaving one stage without alteration, 
doubling the load resistors of the other two and then staggering 
their resonant frequencies so that their selectivity curves are 
each 6 decibels down where they intersect at the mid-band 
frequency. The gain of each stage at the centre of the band is 
thus just what it was originally but the overall bandwidth is 
two and a half times as great. 
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It will be noted that compared with isochronous amplifiers 
stagger-tuned amplifiers use higher load resistances and that, 
moreover, the anode load is reactive at the resonant frequency 
of the grid circuit. For this reason with single-ended valves 
care must be exercised in the wiring layout to keep stray grid- 
anode capacity down to a sufficiently low figure ; if this is 
not done there will be interaction between anode and grid 
circuits and possibly oscillation. In some instances transit- 
time grid loading will limit the Q which can be obtained in a 
tuned circuit and hence prevent the use of those staggered 
r-uples requiring high Q circuits near the edges of the pass band. 


Transient Response 
In a radar receiver it is the transient response and not the 
steady-state frequency response which is of prime importance, 
but it has been the practice to specify the latter for conveni- 
ence.. When an intermediate-frequency amplifier is to repro- 
duce a given pulse, the overall bandwidth B is frequently chosen 
as 1/5 where 6 is the pulse duration (see Chapter X). This 
gives optimum visibility of small signals above noise and 
may be used if a build-up time (from 10 to 90 per cent of final 
amplitude) of the same order as the pulse duration is acceptable. 
This design basis is quite satisfactory for isochronous ampli- 
fiers because response to a suddenly applied voltage is closely 
specified by bandwidth. In stagger-tuned amplifiers, on the 
other hand, the shape of the response curve must be taken into 
account. The increase in the product of amplification times 
bandwidth which results from staggering is obtained at the 
cost of a more rapid decrease of amplification outside the pass 
band. This increased steepness of the sides of the response 
curve is accompanied by considerable curvature of the phase 
characteristic. As the value of r in a staggered amplifier is 
increased the amplified pulse changes in shape and in particular, 
starts to show ringing. 

The main aspects of transient response and their importance 
in a radar receiver may be summarized as follows : 

(a) The build-up time sets a limit to the narrowest pulse the 
amplifier can handle and hence to the resolution of the radar 
system. 
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(b) The overshoot and subsequent ringing is unimportant 
at the start of the pulse but the time taken by the transient 
on the tail to decay to a small value determines the extent of 
pulse widening on strong signals. 


(c) The time to reach 50 per cent of the final amplitude 
is of interest when high-accuracy range measurements are 
required. 

(d) The time of rise to some small fixed percentage of the 
final amplitude is of importance when range is measured 
from the point where the pulse emerges from the noise. 
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Figure 271.—The RF envelope F(t) of the output from an amplifier tuned 

to fy, when an RF signal of frequency f, is suddenly applied to the input. 

The amplifier consists of n single tuned stages (r = 1) each of band- 
width B. 


An analysis of a single circuit and a coupled pair by Gent” 
shows that the exact mathematical treatment essential for a 
true picture of transient response is very laborious. Using 
some simplifying approximations, Eaglesfield!? makes a 

12.4. W. Gent, ‘‘ The transient response of RF and IF circuits to a wave 


packet,” Standard Telephones and Cables Valve Laboratory, Report G70, 
October, 1942. 

“™C. C. Eaglesfield, ‘‘ Carrier frequency amplifiers. The unit step response 
cf amplifiers with single and double circuits,” Wireless Engineer, Vol. 22, 
Noverber, 1945, pp. 523-32. 
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comparison between double circuits and staggered single 
circuits for television amplifiars. It is concluded that when a 
limit is imposed on the allowable overshoot, single and double 
circuits give very similar performances. 


An alternative approach"™ is based on the assumption that 
the response of the equivalent low-pass filter to a DC pulse is 
identical with the response of the band pass filter to a radio 
frequency pulse. Figs. 271, 272 and 273 from the paper by 
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Figure 272.—The RF envelope E(t) of the output from an amplifier 

tuned to fo, when an RF signal of frequency fo is suddonly applied to 

the input. The amplifier consists of n exactly staggered pairs (r = 2) 
each of bandwidth B. 


Twiss are calculated from this video analogue and apply to 
an IF amplifier of n staggered r-uples. They are plotted to 
a time scale ¢/t) in which fg = 1/2 B,, where B, is the band- 
width of one r-uple. This makes it possible to display the 
transient response of the video analogue in terms of the para- 
meters r and n alone. ‘The curves illustrate the deterioration 


WR. Q. Twiss, * Transient response of multi-stage IF amplifiers,” Tele- 
communications Research Establishment, Report T1834, April, 1945. 
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of waveform resulting from the decrease in the overall band- 
width as the number of cascaded r-uples is increased. The 
relation between the build-up time and the overall bandwidth 
is plotted in Fig. 274 which is derived by combining the results 
of Fig. 270 with those of Figs. 271, 272 and 273. This graph 
shows that the build-up time is inversely proportional to the 
overall bandwidth and is almost independent of r and 7. 
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Figure 273.—Tho RF envelope E(t) of the output from an amplifier tuned 

to fo, when an RF signal of frequency f, is suddenly applied to the input. 

The amplifier consists of » exactly staggered triples (r = 3) each of 
bandwidth B, 


Experimental verification of the theoretical information on 
transient response was undertaken by the author to test the 
approximation on which this information is based. The per- 
formance of a 70-megacycle amplifier with 0-1 microsecond 
pulses was deduced from experiments in which the frequency 
was scaled down by a factor of 100. 

Pulses which could be varied in duration were generated at 
a frequency of 0-7 megacycles per second and applied to the 
circuit under test. A typical waveform for the input pulse 





“ -2°6 usec. 


10%. / ~~ Mc's. 


Single cirouit. stage gain 2-5 


Theoretical Rise Time 
Rr = Roe % 
vt aye 215 usec. 








(av) Single taned stage. 


— pe 26 psec. 


90% c k 
10% o/s. 


Staggerod Pair. Stage Gain 2+5 


Theoretical Preq. +615 °3 


1 Load R. 800 600 
2-5 





Rise Tis 


Overshoot &-3€. 
hy) Staggered pair. 


Prar NVEL Experimental transient response results 


pos 


Load RB 500. 














rs 





Theoretical 


Rise Timo = 


Overshoot 10% 








Mc/3. 
. Staggered Quadruple: staze Gain? 
a 3 ywsec. Freq 995 -655 +75 +82 


Load 8 1500 600 500 1100 


(a) Stag 





sreck quadruple. 


TTT 

LAAT 
FHA 
= EN 





T 








1.5 
Mele 
Theoretical Rise Tice & Isochronous st 28 
51 4 Load R 500 
—x — = 6°0 usec. 
7 *26 
ee 





(1) Four isochromous states 





Prate XVIJE— Experimental transient response results. 


see p. 431) 





(a) Top view. 





(hy) Bottom view showing component layout. 


Pare XUN.—Typical IF amplifier using a 6AKS miniature pentode. 
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is shown in Plate XVI (a). There is an initial transient due to 
resistance in the shock excited circuit of the generator and 
also a delay in fully brightening the trace. 

Plates XVII (a), (b), XVIII (a), (b), give the results of the 
measurements together with theoretical values for the time 
of rise and the overshoot ; the agreement is very good. In 
most cases a pulse duration of greater than 7 cycles per second 
(corresponding to 0-1 microseconds at 70 megacycles per 
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Figure 274.—The relationship between build-up time (10% to 90%) and 
overall bandwidth (3 db.) in an amplifier for, one single stage (curve A), 
4 staggered pairs (curve B), and 4 staggered triples (curve C). Frequency 
is plotted to a reciprocal scale to illustrate the inverse relationship and 
the diagram shows also the small influence of the method of tuning. 


second) was used in order to separate the initial and _ final 
transients. Plate XVI (b) shows the response to a 7-cycle 
pulse. 

It has been deduced empirically that the duration 7’ of the 
transient from 5 per cent of final amplitude to a point where the 
ringing has decayed to 1 per cent of the steady state value is 
specified quite closely by T = 4/By where By is the band- 
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width referred to the 15-decibel points of the frequency response 
curve. This is illustrated in Plate XVIII (a) and (6). For the 
same stage gain the duration of a strong pulse is not significantly 
reduced by stagger tuning although there is an improvement 
in rate of rise on the leading edge. 


Feedback Amplifiers 


Inverse feedback may be applied to the stages of an inter- 
mediate-frequency amplifier as shown in Fig. 275. The 
theoretical performance of a feedback amplifier is the same as 
that of a coupled-circuit amplifier!’ or a stagger-tuned amplifier 





Figure 275.—The basic circuit of a single-stage IF amplifier with negative 
feedback. 


(Wallman,!® p. 37). However, the lining-up procedure is 
more complicated and the bandwidth of the amplifier changes 
if its gain is controlled by variation of grid bias. 


Noise Factor 

The figures given in Table 8, section 3, for the noise factors 
of signal-frequency amplifiers are also applicable to inter- 
mediate-frequency amplifiers operating at the stated fre- 
quencies. If a valve mixer is used, the noise generated in 
the intermediate-frequency amplifier will normally be over- 
shadowed by mixer noise. In centimetre-wave radar sets, 
however, reduction of the noise factor of the intermediate- 
frequency amplifier is important because it is preceded only 


_'° R. Q. Twiss, ‘* The theoretical design and experimental response of 
single and coupled circuit negative feedback IF amplifier,” Telecommunica- 
tions Research Establishment, Report R.1649, March, 1944. 
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by a crystal mixer (see equation (1) in section 1). In this case 
the use ot a triode input stage is preferable as is shown by the 
figures in Table 8. The best performance at present is given 


by the neutralised triode plus grounded-grid amplifier described 
in section 3. 


Gain Control 


Gain control of radar receivers is usually effected by altering 
the transconductance of variable-slope valves. While straight- 
forward, this method may be undesirable because a change 
of cathode current simultaneously alters both the conductive 
and susceptive components of valve input admittance. Of 
these effects the latter is of greater consequence because valve 
capacitance and strays usually comprise the total tuning 
capacity. The former becomes important when damping of 
the tuned circuit by grid cathode conductance is an appreciable 
part of the total damping, as in amplifiers of high amplification 
and narrow bandwidth or in staggered r-uples with large 
values of r. Variations of input admittance with gain-control 
setting may be minimised by the use of cathode degeneration.'® 
An unbypassed cathode resistor of 30 ohms effectively stabilises 
the input capacity of a 6AC7 and has been widely usod ; the 
change in conductance which occurs when this value of resist- 
ance is employed is not excessive for most circuits. Another 
method of minimising change of input admittance is by 
simultaneous variation of the bias on the control and sup- 
pressor grids.17_ The control grid is operated at 10 to 30 per 
cent of the total bias depending on the characteristics of the 
valve. A disadvantage of this scheme is that a large voltage, 
50 volts or more, is needed for adequate control. In addition, 
the input conductance is high and the stabilisation is not as 
good as when cathode degeneration is employed. 

Two useful forms of automatic gain control are swept gain 
and instantaneous automatic gain control (IAGC). In the 


16 R, L. Freeman, ** The use of feedback to compensate for vacuum tube 
input capacitance variations with grid bias,” Proc. 1.R.E., Vol. 26, November, 
1938, pp. 1360-6: and F. L. Smith Kadiotron Desiqners Handbook, Amal- 
gamated Wireless Valve Company, Sydney, 3rd edition, L940, p. 96. 

17¢, Lockhart, “Gain control of radio frequency amplifiers,” Electronics, 
Television and Short Wave World, August, 1940, pp- 365-8. 
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former a variation of amplification is superimposed on the 
normal fixed value set by the gain control knob, so that the 
receiver gain is low at the time of occurrence of the trans- 
mitted pulse and increases with time thereafter, ie. with 
increase of range. Strong nearby echoes and weak distant 
ones then appear to be of comparable strength. This prevents 
short-range echoes from overloading the amplifier when suffici- 
ent sensitivity is employed to detect distant targets. The 
change in the aerial coverage diagram due to the variation 
of sensitivity with range should not be overlooked in aerial 
designs for sets which use swept gain. 

IAGC is a development from the automatic volume control 
of broadcast receiver practice. Because there is no continuous 
carricr to operate an AVC system of conventional type, each 
echo pulse is made to provide its own control. This requires a 
system which will come into operation in a time short compared 
with the pulse duration and return the receiver to full sensitivity 
equally rapidly following each received pulse. The negative 
output from a diode detector is applied to the control grids of 
some of the stages through a cathode follower, the low driving 
impedance of which is necessary if a sufficiently short time 
constant is to be realised. The circuit time constants are 
adjusted so that a rectangular input pulse emerges from the 
receiver with an amplitude which rapidly diminishes as the 
IAGC comes into action. This form of echo distortion is very 
suitable for breaking up clutter such as that produced by 
nearby ground, buildings, etc. but is only fully effective with 
an IF amplifier of generous bandwidth. 


Stability 


Due attention must always be given to the prevention of 
regeneration and instability. Regeneration can be detri- 
mental long before oscillation occurs, and is apparent as a 
reduction in bandwidth and asymmetrical distortion of the 
frequency response characteristics. To ensure stability the 
attenuation between output and input circuits must exceed the 
overall amplification by a considerable margin. This is 
readily achieved by suitable disposition and shielding of con- 
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necting leads, and by adequate filtering of the detector output 
circuit ; at this point care is needed to filter out the IF com- 
ponent while retaining adequate video bandwidth. Elaborate 
shielding of each amplifier stage has been found unnecessary 
as the stage gain is usually low and individual stages show little 
tendency to regeneration. Standard practice dictates that 
power-supply leads to each stage shall be filtered, heaters 
by-passed, and earth returns arranged to minimise circulating 
currents in the chassis. The external field of coils should be 
prevented from interlinking outgoing leads or the wiring of 
adjacent stages, while by-pass condensers are chosen to resonate 
in series with their own leads at the operating frequency. 

A suitable division of overall gain between RF, IF and video 
sections is important. Excessive video gain is undesirable 
because the response to low frequencies may result in feedback 
or interference from power supply mains. In microwave 
radar sets, the radio frequency units are often mounted near 
the aerial in an RF “ head.” It is common practice to use an 
intermediate-frequency preamplifier in the latter to amplify 
the signal before transmission to the remainder of the receiver 
through lengths of feeder which are sometimes quite long. 
The preamplifier effectively divides the intermediate-frequency 
amplification between two units and reduces the difference 
between the input and output level of either amplifier. 

The second detector in a radar set is usually a diode because 
of the high signal handling capacity of this type. However, it 
is not possible to design such a detector for high efficiency 
because the circuit impedances are determined by bandwidth 
considerations in both the intermediate and video frequency 
circuits. The efficiency is normally only 25 to 40 per cent’® a 
fact which must not be overlooked when designing an amplifier 
for a given overall gain and peak output or when estimating 
the control voltages available for TAGC. 


Typical IF Amplifiers 
The valve types commonly used in the intermediate-frequency 
amplifiers of radar receivers are few in number—namely the 


18Q, H. Schade, ** Analysis of rectifier operation,” Proc. I.R.K., Vol. 31, 
July, 1943, pp. 341-61. 
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6AK5, 6AG5, EF50 and 6AC7. To reduce the number of 
valve types in an equipment, the 6J6 double triode has been 
proposed for use in the intermediate-frequency amplifier.1® 
When the 6J6 is used in this way signals are applied to one 
triode section, which is used as a cathode follower driving the 
second triode section connected as a grounded-grid amplifier. 
The gain and stability of such an amplifying stage compares 
favourably with those of a pentode circuit and the noise char- 
acteristics are superior. 


A typical intermediate frequency amplifier using 6AK5 
miniature pentodes is illustrated in Plate XIX (a) and (6). 


5. Video Amplifiers 


Video amplifiers for radar purposes are similar to those for 
television as regards both frequency response and transient 
performance. The product of amplification times bandwidth 
is also an important design factor, the same as in intermediate- 
frequency amplifiers. However, a requirement which is 
peculiar to radar video amplifiers is the necessity for avoiding 
paralysis of the amplifier following the overloading which 
occurs during the transmitted pulse or the reception of strong 
echoes. Another special aspect is concerned with methods of 
“limiting ’’ signal amplitude, whereby weak echoes are 
amplified normally but strong ones are unable to rise above @ 
fixed maximum. 


Frequency and Transient Response 


High stage amplification associated with satisfactory phase 
characteristics over the required frequency band is obtained 
by the well known method of adding reactive elements to 
the simple resistance-capacity coupling circuit. Although the 
steady-state frequency-response characteristics have been 
widely used when specifying video amplifier performance, the 


_ |" G. C. Sziklai and A. C. Schroeder, ‘‘ Cathode-coupled wide-band ampli- 
fiers.” Proc. I.R.E., Vol. 33, October, 1945, pp. 701-9. 
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transient response is of greater concern to the radar designer.?° 
However, because the input pulse is already distorted by the 
IF amplifier, the published theoretical treatments based upon 
response to a step function give a somewhat inadequate 
picture of video amplifier behaviour and compensating circuits 
which have a relatively sharp cut-off may prove to be accept- 
able. If limiting occurs in a low-level video stage, however, 
the original rectangular form of the pulse tends to be restored 
and the theoretical treatments are then more adequate. 


Paralysis 


Video circuits must be capable of recovering from strong 
signals quickly enough for weak ones to be detected immedi- 
ately afterwards.?! Following the disturbance of quiescent 
operating conditions by a strong pulse, an overshoot may be 


iL IL N. 


Input Output Input Oulpul 
(9) (b) 
Figure 276.—(a) The way in which a small grid coupling condenser pro- 
duces overshoot. (b) How the overshoot from: a strong echo causes a 
weak adjacent echo to bo lost. 


produced even when high frequency compensation is satis- 
factory. The most common cause of overshoot is a coupling 
condenser of inadequate size which loses a significant amount of 
charge during the pulse [Fig. 276 (a)]. If the input consists 
of a strong signal followed by a weak one, the output will then 
be as in Fig. 276 (b). On a Class A display without limiting, 
the weaker echo would still be detectable, but on an intensity- 
modulated display the overshoot would be responsible for a 


20.4. V. Bedford and G. L. Fredendall, ‘Transient response of multi- 
stage video amplifiers.” Proc. 1.R.E., Vol. 27, April, 1989, pp. 277-843 
A. V. Bedford and G. L. Fredendall, ~ Analysis, synthesis, and evaluation of 
the transient response of television apparate ~ Proc. I. R.E., Vol. 30, October, 
1942, pp. 440- ; and H.C. Kallman, R. E. Spencer and C. P. Singer, ** Tran- 
sient response Proc. I.R.E., Vol. 33, March, 1945, pp. 

2M. F. Crouch, ‘* The design of high gain video amplifiers for pulse recep- 
tion,” Massachusetts Institute of Yechnology Kadiation Laboratory, Report 
61-7/14/43, July, 1943. 
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blind region immediately following the strong signal. When 
this type of distortion takes place in an early stage of the 
amplifier, the subsequent amplification of the overshoot may 
easily be sufficient to cause cut-off in one of the video stages 
and any signals during this period will be completely lost. 

In practice, it is quite feasible to use values of coupling 
time constant which will maintain the amplitude of a one micro- 
second pulse constant to one per cent or better. Screen and 
especially cathode by-pass condensers however cause much 
greater trouble. If a cathode resistor is not by-passed, over- 
shoot does not occur but the resultant degeneration produces 
a loss of gain. However, it is often so difficult adequately 
to by-pass a cathode circuit that degeneration is deliberately 
permitted. Another method is to use a small cathode by-pass 
condenser to reduce degeneration but to choose its value so 
that the cathode time constant is approximately equal to that 
in the anode circuit. The time constant effects in the anode 
and cathode circuits then tend to cancel so that overshoot is 
eliminated. 


Time constant calculations must be based on the worst 
possible cases. Strong clusters of echoes returning during the 
first 10 to 20 miles of the time base are often so close together 
that the effect resembles one long pulse lasting for 100 micro- 
seconds or more. The amplifier must recover from this signal 
rapidly enough to prevent the occurrence of paralysis with 
resulting blind spots. 

When limiting of the signal level in an amplifier is used, 
the relative amplitude of a small overshoot produced in an 
early stage is increased many times. In particular, the trans- 
mitted pulse which is often strong enough to cause overloading 
in the IF amplifier may produce a serious overshoot unless 
the design is adequate. If time constants cannot be made long 
enough, the performance may be improved by using conven- 
tional methods of low frequency compensation. 


Limiting 
Protection of the screen of the cathode ray tube in an intensity- 
modulated display requires restriction or limiting of the 
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modulating voltage so that strong echoes do not produce more 
than the permissible brilliance. The acceptable range of 
voltage is usually less than the cut-off bias of the cathode ray 
tube. Limiting is also important in preventing a strong 
positive signal from causing a flow of grid current in any of the 
video amplifier stages. If this is not done the amplifier be- 
comes paralysed for a long period after the end of the signal. 
This effect depends on the fact that flow of grid current has 
the same effect as inserting a very much smaller grid resistor. 
The coupling condenser therefore charges more quickly than 
it would with the grid negative, so that an appreciable potential 
builds up across the condenser during the pulse. At the end 
of the pulse, the charge acquired by the condenser discharges 
through the grid resistor and the return to quiescent conditions 
is quite slow as shown in Fig. 277. 


Figure 277.—The waveform produced when overshoot results from the 
flow of grid current and the return to quiescent conditions is by discharge 
through the grid resistor. 





To prevent strong signals causing grid current, one of the 
stages in which the pulses applied to the grid are negative is 
allowed to be driven into the cut-off region by signals which 
are excessive. The peak output of such a stage is equal to 
the DC drop across the load resistor and is limited to a value 
which can be satisfactorily accepted by the subsequent stage 
or the cathode ray tube. 


Cathode Followers 


It is frequently necessary to divide the video amplifier into 
two units, one being on the receiver chassis and the other 
close to the cathode ray tube. The units are connected by a 
low impedance coaxial cable which unless of undue length is 
equivalent to a lumped capacity at video frequencies. "Because 
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of its low output impedance a cathode follower is nearly always 
used to drive such a cable and is entirely satisfactory provided 
certain precautions are taken.”? For positive input pulses, the 
output impedance of a cathode follower is always low. IE its 
value is Ro, the cable capacity C is charged with a time con- 
stant CR,. When the input pulse is negative, however, the 
cathode follower may become cut-off under certain conditions 
and the time constant will then increase to CR, where R ¢ is 
the value of the cathode resistor. If this time constant is 
excessive, distortion of the waveform will occur. Each circuit 
must be analysed individually to ensure that the grid is not 
driven negative at a rate much in excess of that at which the 
cathode is able to follow with time constant CR,. Cathode 
followers which are required to handle negative pulses should 
be arranged to operate at low level. 


*? H. Goldberg, ‘* Some considerations concerning the internal impedance 
of the cathode follower,” Proc. I.R.E., Vol. 33, November, 1945, pp. 778-82. 


CHAPTER XIV 
DISPLAY CIRCUITS 


1. The Cathode Ray Tube 


TuHE heart of radar display systems is the cathode ray tube 
and as explained in Chapter X there are two types in common 
use, those with electrostatic deflection and focusing systems 
and medium persistence screens, and those with magnetic 
deflection systems and long persistence screens. The former 
are used when a deflection modulation display such as Class A 
is required, the latter for intensity modulated displays such 
as the PPI, because magnetic deflection of the beam is much 
superior when increased screen brilliance with good focusing 
at large deflections is required.! 

The properties of some typical tubes used in radar practice 
are given in Table 9. 


TABLE 9—TYPICAL CATHODE RAY TUBES USED IN RADAR 








Normal HT 


(radial deflection) 


Tube type Screen Screen Deflection voltage 
size persistence and d& polarity 
(inches) | focusing (kilovolts) 
1802 (5BP1) 5 Medium Bicetrosts ie - 3 
ACR 1 5 Medium Electrostatic - 
VCR139A 24 Medium Electrostatic 800 volts 
VCR526 2h Medium Electrostatic 13 and 42:5 
(daylight | 
viewing) 
5CP7 5 Long | Electrostatic 2 and +2 
’ 5SFP7 5 Long Magnetic +4 to +6 
TBP7 7 Long Magnetic +4 to +6 
12DP7 12 Long | Magnetic +4 to +6 
3DP1 3 Medium Electrostatic 15 


The last tube in this table has an unusual electrode system 
which is used to produce radial deflection. 


The construction 


1H. Moss, ‘* The electron gun of the cathode ray tube.’ A. C. Cossor Limited, 


Report No. 1. 


R.—15 
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of the tube is similar to a normal electrostatic type except for 
the addition of an axial electrode attached to the face of the 
tube (Fig. 278) which with the conducting coating inside the 
tube forms a coaxial deflecting system. The waveform to be 
examined is applied to these electrodes and the beam is de- 
flected along a radius drawn from the centre of the tube face.? 
A circular time base is applied to the normal deflection plates. 


Wave form to 
be examined 





Figure 278.—Radial deflection cathode ray tube. 


Information concerning the various types of screens has 
been given in Chapter X and it is sufficient to note that no 
special circuit techniques are required either for the skiatron 
or the daylight viewing tube. 


Deflection and Focusing Coils 
The widespread use of coils for magnetic deflection and focusing 
has led to standardised designs. The focusing coil is nearly 
always of the type indicated in Fig. 279 (a) and consists of a 
solenoid with a large number of turns (about 35,000) encased 
in a magnetic shield, with a small air gap to concentrate the 
field and produce a thin electron lens. For optimum focus the 
coils require about 10 to 15 milliamperes at about 200 to 250 
volts. Permanent magnets have also been used successfully 
for this purpose in lightweight sets.* 

20. S. Puckle, Time Bases, Chapman and Hall, London, 1943, p. 74. 


“\.M. Skellet, “> A permanent magnet focusing yoke for cathode ray tubes 
employing an internal shunt,’ Bell Telephone Laboratories, Report 
MM-43-170-28. November, 1942. 
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Three types of deflection coil are illustrated in Fig. 279 
(b), (c) and (d). The square iron core coil of (6) is generally 
of most value. Two windings on opposite sides of the core 
are connected in series so that their fluxes are in opposition, 





Figure 279.— Deflection and focusing coils for magnetic deflection cathode 
ray tubes. (a) Focus coil. (b) Iron core deflection coil. (¢) Air core 
deflection coil. (@) Iron core deflection coil. 


the result being a practically uniform field over the path of 
the electron beam. Using a similar pair of windings on the 
other two sides of the core, two independent deflections at 
right angles are possible and this type of coil then corresponds 
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to the X and Y plates of an electrostatic cathode ray tube. 
Push pull operation can be obtained by using two windings 
on each leg. It is usual to enclose the coil in a conducting 
shield which by eliminating the external flux practically 
halves the inductance and makes a faster sweep possible 
(section 6). Plate XX shows this type of coil mounted in its 
shield. The air core coil of Fig. 279 (c) gives a deflection in 
one direction only. It is often used in PPI systems, where 
it is rotated mechanically in synchronism with the aerial. 
It has the disadvantage that if a conductor intercepts some 
of the return flux outside the coil serious distortion of a fast 
sweep may result. The toroidal iron core of Fig. 279 (d) has 
been used extensively in America. It has four equally spaced 
coils which may be inter-connected to produce either two de- 
flections at right angles as with the square coil or a deflection 
in one direction as with the air core coil. 


There is not a great deal of difference in the performance 
or efficiency of any of the coils described above, provided those 
using iron cores are shielded so as to avoid the production of 
useless flux. 


High Tension Power Supplies 


Conventional high voltage transformers and diode rectifiers 
have been used extensively for producing the HT (2 to 
6 kilovolts) required for cathode ray tubes, but recently the 
demand for good regulation and small size and weight has led 
to some research into improved systems. High frequency 
oscillator techniques! have been found very effective for this 
purpose. If the transformer is designed so that the conduction 
period of the diode rectifier corresponds to the conduction 
period of the oscillator, good regulation can also be achieved 
by this method.* 


*O. H. Schade, ‘‘ Radio frequency high voltage power supplies,’ Proc. 
I.R.E., April, 1943, pp. 158-63. 

5K, A. Holmes, ‘‘ Stabilized high voltage supply,’’ Massachusetts Institute 
of Technology Radiation Laboratory, Report 565, May, 1944. 





Prare XX.—Typical iron core detlection coil and shield. 
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2. Transient Response of Basic Circuits 


The performance of display circuits depends to a large extent 
on the transient response of the simple two element resistor- 
reactor networks shown in Fig. 280. The networks are com- 


Cc R 
de oe 
(e) (b) 
Network | 
R JS 
. i R 
(a) ~ (b) 
Network 1 


(©) Time constont T = RC 


(b) Time constont T = 5 


Figure 280,—Basic networks for display circuit calculations, 


posed of resistance-inductance and _ resistance-capacitance 
pairs and may be divided into two types each of which has a 
frequency characteristic and transient response determined 
only by its time constant rt. The transient response of each 
type of network has been collected in Table 10, for applied 
voltages which may be square, sawtooth or sinusoidal in form. 
These are the fundamental waveforms of a display system. 

Considering the response to the first two waveforms, it is 
seen that networks of type J give an output proportional to the 
differential of the input voltage for large values of t/t and 
they are therefore often known as differentiating circuits. 
Networks of type JJ on the other hand give an output pro- 
portional to the integral of the input waveform for small 
values of ¢/t and are therefore often known as integrating 





446 A TEXTBOOK OF RADAR (Ch. XIV 


circuits. When a sine wave is applied to the networks it is 
seen that, after the initial transient has subsided, the phase of 
the wave has been shifted by the same amount as for a con- 


TABLE 10—TRANSIENT RESPONSE OF THE BASIC CIRCUITS TO 
COMMON WAVEFORMS 


Expression for Transient Response “ 
Exec! 


perl 


-L 
Vo WT ronal e - 
P 


Vie (wor 


where ton @= 


Vi+(wrty 
ot 

“¥ 

Vo |sin(wt-9)+ wte * 

Vie (wt? Vis wry 


where tong = WT 





tinuous wave. For perfect differentiation or integration this 
phase shift would be 90 degrees but this is only approached 
in practice as a limiting condition. 


3. Gate Generators 


In a radar display the cycle of operations which is initiated 
by the transmitted pulse continues for a specified time interval 
and then all circuits are returned to a quiescent condition. 
The waveform required to control the Blechnoald switching 
operation is usually a square pulse termed a “gate,” andcan be 
produced by a multivibrator with one stable and one unstable 
position of tts (See Puckle,? pp. 50-9). 

® 2B. Chance, M. N. Johnson and R. S. Phillips, ** A precision delay multi- 


‘brator for range. eoneeee ** Massachusetts Institute of Technology 
‘adiation Laboratory, Report 63-2, June, 1942. 


§3) DISPLAY CIRCUITS 447 


Two common types of multivibrator or “ flip-flop” are 
shown in Fig. 281 (a) and (b) together with typical waveforms 
at important electrodes. Fig. 281 (a) is an anode-coupled and 
Fig. 281 (b) a cathode-coupled flip-flop. A point of interest is 
that the grid leaks are returned to the high tension supply in 
order to obtain greater stability since dVo,/dt is then’ greater 
at time 7' (see Fig. 281). Each type has its particular advan- 
tages ; for instance the anode-coupled flip-flop can easily be 
arranged to give equal current drains through the two tubes 


oHT+ 2 Trigger 


tT 





Figure 281.—Typical ** flip-flop’ circuits. (a) Anode coupled flip-flop. 
(b) Cathode coupled flip-flop. 
and thus to present a constant load to the power supply inde- 
pendent of duty cycle. It also requires a smaller drain for a 
given transition time, and a smaller negative trigger pulse 
for initiation of the cycle. The current drain of the cathode- 
coupled circuit is normally higher and is also unequal in the 
two tubes since /, is usually greater than 2. A large negative 
trigger pulse is required but the performance of the circuit is 
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not so susceptible to supply voltage fluctuations because of 
degeneration in the cathode resistor, and it suffers less from 
jitter of the gate length, probably for the same reason. 
Cathode-coupled flip-flops are often triggered by a positive 
pulse on the grid of the non-conducting tube. 

Assuming ideal distortionless triodes, the gate periods for 
the two types are as follows : 


(a) Anode coupling : 
Pe 
24+— 
Rp. ( Rs 


logio : 
3+ > ( Pe Be 1 
eee CT ase 
Ry fy 


(b) Cathode coupling : 


(1) 





T = 23 c(R, ba 


> Pet Mek, 
ie ee R, 
1p Pat mee R,+R,+0; 
T =2:3C| R 4 PRaleat Maha) log Rs 
™Ratpot+uok, 1? pee 1 
ae fol 1 =) 
L : Melty 


where the symbols have the meanings indicated in Fig. 281. 
Stability is seen to be dependent mainly on the ratio 
Pot Mok, 
Re 
where R, is zero for anode coupling. Since j, is more nearly 
constant with changing voltages than p, the reason for greater 
stability with cathode coupling is clear. Accurate gate length 
calculations are often necessary if not much adjustment is 
available to take care of components near the limits of their 
tolerance. In this case it is usual to work directly from the 
tube characteristics rather than to use the above equations. 
The tube most commonly employed in flip-flop circuits in 
American and recent Australian equipment is the 6SN7GT, 
consisting of two triodes electrically similar to the 6J5 and 
i the same GT envelope. 
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Other types of circuits often used as gate generators include 
single tube transitron circuits (Puckle,? pp. 36-49) which are 
more compact if double triodes are not available, and phatastron 
circuits which are described in detail in section 6. Both types 
suffer somewhat from a critical dependence on tube character- 
istics so that replacements often require to be specially selected. 
Once working however, they are quite stable, particularly the 
phantastron which is used when the elimination of jitter is 
important. 


4. Clamping Circuits 


In the transfer of waveforms through transformer or capacitor 
coupling circuits the DC component of the wave is lost. The 
effect is illustrated in Fig. 282 where a recurring negative 
gate is passed through the two coupling circuits shown. It is 





Figure 282.—Loss in DC level across coupling reactors. 


seen that, referred to earth potential, the negative voltage 
swing has been reduced in amplitude and a positive swing 
has been added. The magnitude of the effect is dependent 
on the duty cycle of the gate. In general the insertion of the 
fixed DC level in such waveforms is important in display 
circuits, since most operations are controlled by instantaneous 
voltages and since waveforms are usually gated with a duty 
cycle which may vary considerably under different operating 
conditions. 
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There is a number of circuits which can be used forinserting 
a DC level.? They are called “clamps ” and can be either 
“ single-ended ’’ or ‘‘ double-ended.” A single-ended clamp 
such as the diode of Fig. 283 (a) can restore in one direction 
only, its action being simply that of a peak rectifier which 
serves to fix the DC potential of a regularly recurring peak in 





HT+ 





Figure 283.—Typical clamping circuits. (a) Single-ended diode clamp. 
(b) Typical sawtooth waveform which must be clamped. (c) Double- 
ended triode clamp. 


the waveform. For example, the starting potential of the 
sawtooth wave of Fig. 283 (b), when applied through the 
capacitor C to the clamp of Fig. 283 (a), is fixed at zero even 
for wide variations of the duty cycle. If a negative sawtooth 


7 Radiation Laboratory group, ‘‘ Plan position indicators,’ Massachusetts 
Institute of Technology Radiation Laboratory, Report 62-1, August, 1942; 
and J. W. Sherwin, *‘ Clamping tubes,’’ Massachusetts Institute of Tech- 
nology Radiation Laboratory, Report 572, May, 1944. 
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were used with the above circuit, the finishing potential of 
the sawtooth wave would be fixed. To clamp the starting 
potential in this case it would be necessary to reverse the diode. 

If it is desired to clamp the intermediate portion of a wave- 
form, or if the waveform can change polarity, it becomes 
necessary to use a double-ended clamp. A typical example 
of this type is illustrated in Fig. 283 (c). While the tubes are 
conducting, current can flow in both directions through the 
clamp, so that point A is joined to the point B by a low imped- 
ance, usually of the order of 1000 ohms. When a negative 
gate is applied to the grids, both tubes are cut off and their 
impedance becomes effectively infinite, so that it is clearly 
possible to make a waveform start at a fixed potential and 
a fixed time merely by returning the point B to that potential, 
and applying a gate at the correct time. Design factors 
relating to the impedance of the waveform generator and the 
various time constants involved are sometimes important if 
the waveform is not zero when the clamp is being applied. 
However the restoration of DC level to a simple gated wave- 
form of either polarity usually presents little difficulty since 
such waveforms are quiescent during the clamping period. 
With the waveform of Fig. 283 (b), the clamp would be released 
during the period of the sawtooth and reapplied when the 
voltage had returned to almost zero. 

Many other forms of clamps have been used but will not be 
described here. In the next section the type of single-ended 
triode clamp commonly used in sawtooth generators is 
described. Naturally it may also be used for the insertion of 
a DC level into a recurrent waveform. Similarly the double- 
ended triode clamp of Fig. 283 (c) may be used as a sawtooth 
generator when an output of either polarity is desired. 


5. Sawtooth Generators 


To display a radar echo it is usually necessary to sweep the 
cathode ray tube spot across the tube face so that its dis- 
placement is always proportional to time. The production of 
*such a sweep usually resolves itself into two parts, firstly the 
production of a linear sawtooth waveform, possibly with 
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correcting voltages added, and secondly the amplification of 
the waveform. This requires a voltage amplifier in the case 
of electrostatic deflection and a current amplifier in the case 
of magnetic deflection. The generation of a linear sawtooth 
is of particular interest since it is also the basis of a common 
method of range measurement to be discussed more fully in 
section 9. Some extremely useful circuits have been evolved 
for the production of a truly linear sawtooth. It is instructive 
to trace the development of these circuits starting with the 
simple but fundamental case of charging a capacitor through 
a large resistor. 








Figure 284.—The basic circuit of a sawtooth generator. 


A typical circuit is shown in Fig. 284. The triode clamp 
is normally conducting with both anode and grid only slightly 
above earth potential owing to the small currents being passed. 
A negative gate applied to the grid cuts off the anode current 
and the voltage across capacitor C begins to rise exponentially 
to the HT supply potential, thus. 


= ape ate a ‘ 
v= is =e ir) J ae as) +n(aa) sap 8) 


The rise of voltage is at first linear but distortion, represented 
by the second and higher powers of f, increases rapidly. Fora 
given output voltage any degree of linearity may be achieved 
by increasing the charging potential, but of course this is not 
always desirable or even possible. For example, a 100 volt 
saw tooth. linear to 0-1 per cent, would require a supply potential 
of 50 kilovolts. The problem of increased linearity has there-- 
fore been attacked by other methods. 
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In order to keep the charging current flowing into C more 
uniform, and hence make the voltage rise more linear, an 
inductor is sometimes placed in series with the charging resistor 
R. This method is often very effective on fast sweeps but 
may be: cumbersome if a slow sweep is desired. Theoretically 





OHT + 
Ve 





(b) 


Figure 285.—Feedback cireuits to give a more nearly linear sawtooth. 
(a) Cathode feedback. (b) Anode feedback (Miller effect). 


any required degree of linearity may be achieved in this way 
by making the inductance sufficiently large.* 

By far the most common method, however, is to introduce 
some form of feedback, and the two most generally used circuit 


8B. Chance, ** Mediurn precision self-synchronous range circuit, model 4,” 
Massachusetts Institute of Technology Radiation Latoratory, Report 63-4, 
May, 1942. 
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types are those of Fig. 285. In Fig. 285 (a), R is the charging 
resistor for C and also the grid resistor of a cathode follower. 
The, sawtooth wave applied to the cathode-follower grid is 
transferred to the cathode load, which is coupled to the top 
of F, so that the voltage across R is kept nearly constant. 
Thus the current flowing into C is nearly constant and the 
voltage increase across it nearly linear. It can be shown that 
for circuits of this type the linearity is the same as if the 
capacitor ( were charged through an ohmic resistance from 
a high potential supply. The magnitude of this equivalent 
supply voltage is 1,/(1 — A), where A is the amplification 
of the cathode follower, so that linearity is improved by a 
factor of 1/(1 — A). In order to obtain good linearity the 
amplification is frequently increased by increasing the value 
of the cathode resistor and returning it to a negative voltage. 
The value of the coupling capacitor C’ is also of importance 
since any change of voltage across it during the sawtooth is 
equivalent to a reduction in cathode-follower gain. The effect 
of the value of C’ is apparent from the expression for the 
improvement factor which is given approximately by 








1 1 
Ink (1 fe =) 
1 <2 K K Ink . 4) 
I A Cr 
p . Ym | Imbel (1 se ) 
# C u Inky 


The diode could be replaced by a resistor but this would be in 
parallel with the cathode load of Vy and hence would reduce 
the amplification. A slight change of sawtooth magnitude 
would also occur with changing duty cycle. The type of 
circuit just described is often called a * bootstrap ”’ and is one 
of the most convenient for obtaining a moderately linear 
sawtooth. One of its advantages is that the output is obtained 
at a low impedance level (see Puckle,? pp. 94-6). 

Fig. 285 (b) shows another form of feedback circuit. Whilst 
the last circuit utilised a cathode follower to increase the 
effective value of the charging resistance and thus to increase 
linearity, the present scheme uses the Miller effect to increase 
the effective value of the capacitor. The latter is connected 
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between the grid and anode of a high gain pentode and the grid 
is returned to a high potential through the charging resistor R. 
During the quiescent period the anode current is reduced to 
zero by a negative potential on the suppressor grid. To 
initiate the sawtooth a positive gate is applied to the sup- 
pressor, raising its potential to zero and switching on the tube. 
The anode potential immediately falls by an amount approxi- 
mately equal to the grid base and then begins to decrease 
exponentially. The degree of linearity can again be described 
by assigning an equivalent voltage towards which the anode 
is charging. In this case, the voltage is negative and equal 
to — AV, so that the linearity is improved by a factor of 
(1 +A). 

This type of circuit can also be arranged as a flip-flop giving, 
in addition to the linear sawtooth, a gate with a very precise 
and accurately controllable length which is often used for 
ranging purposes or producing jitter-free delayed sweeps. 

In this form the circuit is termed a ‘* phantastron,’ and a 
typical arrangement is shown in Fig. 286. The suppressor is 
negatively biased in the stable state by the voltage developed 
across the cathode resistor Ry by the screen current. A short 
positive pulse triggers the tube by temporarily removing this 
bias and allowing anode current to flow thus driving the grid 
negative so that the drop across Rx is reduced almost to 
zero. The bias on the suppressor at the end of the initiating 
pulse is therefore almost zero and the anode voltage falls 
exponentially as before. A typical anode characteristic and 
loadline is shown in Fig. 286 (6). It is clear that when point A 
is approached the anode current ceases to increase, feedback 
is removed, and the grid voltage rises rapidly. This causes an 
increase in screen current, and hence an increase in suppressor 
bias so that the anode current decreases until the quiescent 
condition is attained. ‘The duration of this cycle of operations 
is dependent on the initial voltage of the anode, which is 
usually prevented from rising above a predetermined value by 
a diode connected as shown in the circuit diagram. Owing to 
the practically linear fall of anode voltage, the gate length 
is quite accurately proportional to the setting of the poten- 
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tiometer R. In practice a high value of plate load (up to 
5 megohms) is often required and it is then usual to connect 
the anode to the feedback capacitor via a cathode follower. 
The circuit is then able to recover much more rapidly.® 


oHT+ 





Figure 286.—The phantastron. (a) A typical circuit. (b) An anode 
current characteristic illustrating the operating conditions. 


Feedback circuits reduce the curvature of the sawtooth wave 
but there still remains a residual effect due to the finite gain 
of the feedback system. Even this may be undesirable and 
it has been found possible in theory to eliminate all first order 
curvature by adding another feedback loop to the circuit of 
Fig. 285 (a) as shown in Fig. 287. The action of the additional 


* The phantastron,” Telecommunications Research Establishment, 
Report 4/R-105/PR, November, 1942. 
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resistor R, and capacitor C, is merely to feed a portion of the 
integrated output back to the grid of the cathode follower. 
This feedback voltage has the correct form to counteract the 
first order curvature of the sawtooth and by correct adjust- 
ment of C, and R, can be made to eliminate it entirely. If 





OHT+ 


Figure 287.—Cancellation of first order curvature in a sawtooth. 


C and C, are equal, as is usually the case, the requirement for 
cancellation is that : 
R (2A’ — 1) 
R= = 5 
So ti — A) (5) 
where A’ is the amplification of the cathode-follower alone, 
nelgecting the capacitor Cc’. Since the amplification 4 is 
involved, perfect cancellation cannot be relied upon in practice, 
but a reduction in curvature by a factor of five is quite feas- 
ible.t° 





6. Sweep Circuits 
Electrostatic Deflection 


In order to convert the linear sawtooth wave to a linear cathode 
ray tube sweep, an amplifier with push-pull output is norm- 


10 V, W. Hughes, “* A range measuring system using an RC linear sweep,”* 
Massachusetts Institute of Technology Radiation Laboratory, Report 540, 
September, 1944. 
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ally required to eliminate trapezium distortion and de- 
focusing of the trace. The ideal way of converting an un- 
balanced to a push-pull voltage is by means of the cathode 
coupled or “long tail” amplifier of Fig. 288 (a).1! This 
circuit, in conjunction with one of the sawtooth generators 
already described, is the usual form of deflection circuit. Its 
advantages are freedom from power supply ripple and dis- 
tortion, stability, and the ease with which it is possible to 
apply a shift potential merely by returning one grid to a 
variable potential. It is possible to reduce distortion and 
increase stability still further by the introduction of cathode 
feedback resistors as shown in Fig. 288 (b). For equal load 


oHT+ 





(2) 


Figure 288.—Long-tail amplifier for electrostatic deflection cathode 
ray tubes. 


resistors, output balance is dependent on the ratio of the 
common cathode resistance Ry to the resistance looking into 
each tube from the cathode junction, including feedback 
resistance if present. In order to obtain a good balance 
without too large a voltage drop, the cathode resistor is often 
replaced by a pentode. 


_‘)H. C, Webster, ‘‘ Notes on the behaviour of the amplifier for Sh.D. 
time base,”’ C.S.I.R. Radiophysies Laboratory, Report RP 87/2, April, 1941. 


“ve also Puckle,? pp. 119-25. 
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Magnetic Deflection 


Any of the deflection coils described in section 1 give a deflec- 
tion proportional to current with an accuracy sufficient for 
most practical requirements. The problem of producing a 
linear sweep therefore becomes that of producing in the coils a 
current which has a linear sawtooth waveform. This is often 
difficult, particularly when a fast sweep is required, because 
of the large inductance of the coil and the inevitable stray 
capacitance which shunts it. 


Sawtooth I,= at 


al 
Step I, = Rrke 
J => 
g ~ RLC 
Impulse \tidt RFR, R> 


oO 








@) 


Comained 1, 


(b) 


Figure 289.—The production of a linear current sawtooth in deflection 
coils. 


An equivalent circuit of a deflection coil is given in 
Fig. 289 (a), where the impedance of the generator is given by 
R,, the stray capacitance by C. and the inductance and resist- 
ance of the coil by L and R.. The distributed capacitance 
of the coil may be considered to be included in C without great 
error. It can be shown" that to produce in the coil a current 
which has a perfectly linear sawtooth waveform, the applied 
current J, must consist of a lincar sawtooth component, a Step 
component, and an impulse as shown in Fig. 289 (b). The 
magnitude of the addit ional component waveforms is dependent 


12 B. Y. Mills, ** Linear sweeps magnetic deflection cathode ray tubes,” 
C.S.I1.R. Radiophysics Laboratory, Report RP 243, February, 1945. 
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on the circuit constants of Fig. 289 (a) and the rate of sweep, 


a, as follows: 
L R,LC | 
= sete tie tea 
dy al + ah he 


where 6(¢) represents an impulse of unit magnitude. If the 
driving tube is a triode or pentode with the coil in its anode 


(6) 
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Figure 290.—Sweep circuits for magnetic deflection cathode ray tubes. 
(a) Push-pull deflection utilising a long-tail amplifier. (6) A current 
feedback deflection circuit. 
circuit, F, is large and the corrections small for most sweep 

velocities so that the impulse is often omitted. 
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The addition of the extra waveform components usually 
requires a slight modification to the sawtooth generators 
described in the last section. A simple deflecting circuit 
employing a long tail amplifier and useful for sweeps of duration 
greater than 50 to 100 microseconds is shown in Fig. 290 (a). 
The step is obtained by R,z in series with C, and if required 
an impulse may be added by feeding a positive gate through 
a small capacity coupled to the top of R, (shown in dotted 
lines in the diagram). The linearity may be improved by 
any of the methods already discussed. Output tubes usually 
employed in this circuit are the 6V6, 6L6 or 807. When 
deflection coils which are not connected in push-pull are used, 
current feedback amplifiers are often employed to achieve 
good linearity,?® a typical circuit being shown in Fig. 290 (6). 
The sawtooth amplifier consists of Vo, Vs and V,, current 
feedback being applied from V; to V2 across the common 
cathode resistor R,. The tube V, is normally biased well 
beyond cut-off so that there is initially no current through 
the deflecting coils and also no feedback voltage across R,. 
The gain cf the amplifier is therefore extremely high and at 
the start of the sawtooth waveform the grid potential of V’; 
rises rapidly until the tube begins to conduct. The voltage 
across R, then follows accurately the voltage at the grid of V2, 
and the required current waveform is produced. An impulse 
of current may be added as in the previous circuit or by delay- 
ing the application of feedback with a low pass RC network 
in the cathode of V2. The diode V4 is a clamp to make the 
operation independent of the duty cycle. 


For very fast sweeps a low impedance driving source is 
desirable. If R, in Fig. 289 (a) is of the order of a few hundred 
ohms and the sweep length less than about 100 microseconds, 
it is found with standard deflection coils that the impulsive 
and sawtooth components of the driving waveform become 
negligible, leaving only a simple step component to be applied. 
In this case the current increases exponentially with an initial 
rate of V/L, so that for the sweep to be linear the time constant 


13. Mautner, ** A shipborne mechanical rotation PPT.” Massachusetts 
Institute of Technology Radiation Laboratory, Report 62-8, June, 1943. 
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L/(R, + R,) must be much greater than the sweep time. 
This type of operation is made possible by using a cathode 
follower or, more eflciently. by using the circuit of Fig. 291 
In this, a pentode or beam tetrode is biased by a negative 
grid voltage to plate current cut-off. The sweep is initiated 
by a positive gate which reduces the -grid bias suddenly to 
zero. The resultant negative swing on the anode reduces its 
potential almost to zero (necessarily so since the anode current 
is initially zero) so that it is well below the knee of the anode 


OHT+ 





Figure 291.—A circuit for the production of fast sweeps on magnetic 
deflection cathode ray tubes. 


characteristic curve. Under these conditions the effective 
anode resistance is of the same order as that obtainable with 
a cathode follower, but the voltage swing utilises the full HT 
supply. Using this type of circuit with two 807 driving 
tubes in parallel and an HT supply ot 600 volts it has been 
possible to produce a sweep of approximately 1 inch per micro- 
second on a 7 inch tube. Faster sweeps are undoubtedly 
possible. 


Recovery Time 

In order to make the most efficient use of a sweep the recovery 
time is frequently required to be very short. This often 
leads to considerable trouble when using shielded iron core 
deflection coils. Eddy currents induced in the shields decay 
comparatively slowly when the current is cut off and may quite 
easily cause a deflection of the spot lasting until the next 
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sweep commences. It can be shown that this deflection is 
always in the same direction as the sweep and proportional 
to it in magnitude” so that if the sweep changes in magnitude 
the deflection is immediately apparent. A PPI display under 
these conditions exhibits an open centre as illustrated in 


Figure 292.—Illustrating the effect of insuflicient time being allowed 
between sweeps for the recovery of the deflection coils of a PPI. 


Fig. 292. This effect often necessitates the use of unshielded 
or partly shielded coils, with consequent loss in efficiency on 
fast sweeps. 


7. Pattern Stabilisation 


The effect of mains voltage fluctuations on pattern size is 
nearly always of importance. In fixed installations where 
weight and complexity of the equipment are not too important 
it is possible to regulate all voltage supplies, and if feasible 
this is undoubtedly the most effective method. For light- 
weight portable sets, however, sufficiently good stabilisation 
can usually be achieved by careful design of compensating 
circuits. The factor of importance here is that the decrease 
of cathode ray tube deflection sensitivity with increasing gun 
voltage tends to be counterbalanced by the increase of sweep 
velocity with increasing supply voltage. If these two changes 
can be made equal and opposite the pattern will be a constant 
size. 


In an electrostatic tube the problem is simple since deflection 
Sensitivity is inversely proportional to the gun voltage and 
therefore to the mains voltage, so that it is merely necessary 
to produce a sweep directly proportional to mains voltage. 
The sawtooth generator usually satisfies this condition auto- 
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matically, providing the sweep amplifier gain is independent 
of supply voltage. 

Compensation for a magnetic tube is more difficult however 
since its deflection sensitivity is inversely proportional to the 
square root of the gun voltage. The requirement is therefore 
to produce a sweep velocity proportional to the square root 
of the mains voltage. It can be shown that the circuit of 
Fig. 293 performs this function, provides that R,/R, = V,/V2. 







© To sawlooih 
generator 

vy * 

regulating Tube 


Figure 293.—A circuit for the stabilisation of the pattern in a magnetic 
deflection cathode ray tube. 


The voltage V’, then varies approximately as the square root 
of V, over a limited range.'$ 

Compensation is thus usually possible for slow variations of 
mains potential within narrow limits. It is generally impos- 
sible to adjust time constants so that protection against 
transients is also achieved. 


8. Blocking Oscillators 


Blocking oscillators have proved to be extremely useful in 
many display applications particularly in ranging systems. A 
typical circuit is shown in Fig. 294 (a) and relevant waveforms 
in Fig. 294 (b). The circuit differs from that for a conventional 
oscillator principally in the extremely large coupling between 
anode and grid circuits. the respective coils being wound on a 
common iron core and therefore having a coefficient of coupling 
hear unity. 
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; In the example given, the number of turns on each winding 
is assumed to be equal, with the result that the voltage changes 
across the windings are approximately equal and opposite, and 
the peak grid current is practically equal to the peak anode 
current. If the grid coupling condenser C.is small, a large 
negative voltage sufficient to stop further oscillation will be 
produced at the grid within a single cycle. Oscillation will 
recommence only when this negative voltage has decayed 


No = -V9, 





J ia ly L— Ig = lo 
(b) 


Figure 294.—Typical blocking oscillator circuit and waveforms. 


through the grid leak R to the tube cut-off potential. The 
output therefore consists of a series of pulses with a repetition 
frequency determined mainly by the time constant RC, and 
a pulse length determined by the coil inductance and/or the 
grid coupling capacitance. Stray capacitance across the 
coil is normally not significant. The peak cathode current 
is usually very high and values up to 1 ampere are quite 
common with low power triodes such as the 6J5. The output 
impedance can therefore be made extremely small. 

Blocking oscillators have found their main uses in stable 
relaxation oscillators, in triggered pulse generators,'? or in 
frequency dividing chains.™ The use of hipersil cores and 
pulse transformer techniques has improved their performance 


14G. Hite, E. Whitham and B. Chance, * Frequency division with blocking 
oscillator pulse transformers,” Massachusetts Institute of Technology Radia- 
tion Laboratory, Report 63-12, March, 1945. 
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immensely and the production of pulses of less than half a 
microsecond duration presents no difficulties. 


9. Range Measurement 


The measurement of range is essentially the measurement of 
small time intervals. The time delay of received echoes is 
one microsecond per 164 yards of range so that the time inter- 
vals to be measured extend up to about 2500 microseconds, 
whilst accuracy is sometimes possible to about 0-06 micro- 
seconds or 10 yards. The basic method of measurement is 
to compare the time interval between the transmitter pulse 
and the reception of the echo with a time scale obtained from 
an oscillator of known frequency. This does not represent 
the actual measuring procedure on many systems but it is 
always the basis of their calibration. 


It is necessary that the range oscillator and transmitter 
be accurately synchronised and this may be done in two ways. 
Either the transmitter is fired at a fixed part of the oscillator 
waveform, or the oscillator is switched on suddenly when the 
transmitter fires, and switched off again at the conclusion of 
the time base. In each method it is necessary to define 
accurately a given point on a sine wave, usually the crest of 
the wave in the case of CW oscillators, and always the zero 
point of the wave in the case of gated oscillators. This is done 
by producing short pulses at the specified instant which can 
be used in the cathode ray tube display as range markers 
(usually after mixing with the video signal) or in the case of 
CW oscillators, for actuating counting-down circuits controlling 
the transmitter firing. By interposing a calibrated phase 
shifting network between the original wave and the range 
mark generator it is possible to measure intermediate ranges 
with accuracy.!® This is in fact the most common technique 
in precision ranging equipments. 

15° \ new type of ranging equipment,” H. M. Signal School, Portsmouth, 
Report M371, March, 1941; and G. R. Gamertsfelder, ‘‘ Pulsed oscillator 


and phase shifter,” Massachusetts Institute of Technology Radiation Labora- 
tory, Report 63-23, July, 1943. 
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CW Range Oscillators 


For very accurate work, crystal controlled oscillators are the 
most common and usually require the oscillator to be running 
continuously and the transmitter to be fired in synchronism. 
Methods will be described subsequently for combining a crystal 
controlled oscillator and a rotary gap modulator (one of which 
employs a triggered crystal oscillator), but they suffer from 
some limitation of duty cycle so that a hard tube modulator 
is usually necessary. CW range oscillators are also used in the 
calibration of other types of ranging system so that the method 
is of fundamental importance. 

The most convenient method of counting down to the pulse 
repetition frequency is by means of blocking oscillators which 
are extremely well suited for this type of operation. Not only 
do they produce low impedance, short duration pulses which 
may be used directly for transmitter synchronisation and for 
range marks if required, but they have a small phase error. 
It is phase error which is important in a ranging equipment 
since it represents an actual error in range ; frequency division 
to a predetermined sub-multiple of the crystal frequency on 
the other hand is not always essential. In this respect a 
single blocking oscillator, dividing over a frequency ratio of 
200:1, has been used, the maximum phase error resulting 
in a range error of only + 20 yards. 

In addition to the phase shifter plus marker technique, 
an excellent method for accurate ranging is to use the sine 
wave crystal oscillator output to produce a circular sweep on a 
radial deflection cathode ray tube. The video signal is placed 
on the central electrode and increments of range are marked 
out round the tube face. A gate of a duration equal to the 
oscillator period may then be applied to the tube to examine 
any particular range. This is often employed in conjunction 
with a Class A display which covers the useful range of the 
set and is used for searching. 

The circuit of a simple system '® involving a circular sweep 
generator, a blocking oscillator for range marking and a 


16 B. Chance, ** Hand radar ranging circuit,” Massachusetts Institute of 
Technology Radiation Laboratory, Report 63-10, January, 1943. 
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frequency dividing blocking oscillator for firing the transmitter 
is shown in Fig. 295. The crystal oscillator V, generatesa 
circular sweep by means of the transformer 7’, in its anode 
circuit, one of the secondary windings being tuned 45 degrees 
below resonance and the other 45 degrees above resonance. 


10.000 yd. range morkers 


transmitter 





81-94 KO 16-4 KC i= O-5KC 
Crystal Osc Blocking Osc Blocking Osc 
(2000 yds) (10,000 yds.) 


Figure 295.—A typical frequency dividing circuit for use with a crystal 
controlled range oscillator. 


The anode current of V', consists of a series of pulses which 
is used to synchronise the blocking oscillator V4, producing 
10,000 yard range marks. The blocking oscillator V3 is 
synchronised by the output of I’, at approximately 500 cycles 
per second and feeds a transmitter trigger pulse through the 
cathode follower Vy. The accuracy with this type of circuit 
in which no special precautions have been taken as regards 
phasv locking is about -£ 20 yards. 
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If greater accuracy is required a coincidence circuit, of 
which an example is shown in Fig. 296 is normally employed. 
The series of pulses from the range oscillator, in this case 
spaced 2,000 yards or 12 microseconds apart, is used to 
synchronise a blocking oscillator at the pulse repetition fre- 
quency (1-5 kilocycles per second). The trailing edge of the 
blocking oscillator pulse triggers a gate generator, producing a 
positive gate of about 200 volts amplitude and a duration of 
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Figure 296.—A frequency dividing circuit with accurate phase lock for 
a precision ranging equipment. 


18 microseconds. The coincidence tube is so arranged, with 
negative bias on its grid and screen, that an output is only 
possible when an oscillator pulse and this gate coincide. The 
pulse immediately following the one which triggers the blocking 
oscillator divider therefore appears at the anode of the coin- 
cidence tube and is used for triggering the transmitter. The 
only phase errors then are those which occur in the production 
of the original pulses from the ranging oscillator, and in the 
triggering of the transmitter. Both these will normally be 
extremely small. 

It is possible to employ a CW crystal oscillator when using 
a rotary gap modulator, providing the duty cycle is sufficiently 
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low. The procedure is to interpose successive sweeps triggered 
by the transmitter and carrying radar signals with sweeps 
triggered by the range oscillator and carrying range marks 
alone. Owing to screen and eye persistence the two sweeps 
are seen simultaneously, and give exactly the same effect as 
if the respective signals had been mixed prior to placing on 
the screen.!> 3 





6 Goted AWG ae ort Time| Prk - of f 
Oscillator Amplifier Si cy Tube Range Mor! 
Output 


(c) 


Figure 297.—Gated oscillator and range mark generator. (a) The gated 
oscillator. (fh) The range mark generator. (¢c) A typical block diagram. 


Gated Oscillators 


When used with rotary gap modulators, or any modulator 
where the firing time cannot be accurately specified, the 
ranging oscillator is normally gated. A typical circuit for this 
purpose is shown in Fig. 297 (a) together with the important 
waveforms. The tube J’, is connected across the tank circuit 


§9] DISPLAY CIRCUITS 471 


LC to form a Hartley oscillator and V, is a clamp tube which is 
normally conducting, the current being 7 to 10 milliamperes in 
most applications. The clamp thus presents a low impedance 
across the tank circuit and prevents the build up of oscillations. 
A negative gate applied to V, cuts off this tube, removes the 
clamp and at the same time shocks the circuit into oscillation. 
By adjusting the anode load R and the tapping point on the 
coil it is possible to compensate exactly for dissipation in the 
tank circuit and to maintain a constant amplitude of oscillation 


given by 
L 
7 = _ 
J 1,/ a (7) 


where V is the peak value of the oscillation and J is the inter- 
rupted cathode current of Vy. If V, is unbiased there is 
a very rapid change of anode current every time the grid 


crosses the zero axis so that corresponding times are accurately 
defined. 


Circuits of this type are not often employed if the highest 
accuracy in ranging is required but are very satisfactory for 
search sets where the required 1 to 2 per cent accuracy can be 
achieved without any special precautions. In some systems 
which employ this method for precision ranging a constant 
check is kept on the frequency by means of a built-in crystal 
calibrating oscillator, and in this case, by careful design the 
accuracy can be made to approach that of the crystal oscillator 
itself. 


As mentioned previously crystal oscillators have also been 
successfully gated but the circuit is quite complex at present 
and has not been used extensively. The problem here is not 
to initiate the oscillation—any suddenly applied voltage across 
the crystal will do this—or to maintain it at constant amplitude 
over the few cycles normally required since the @ is so high it 
cannot decay appreciably in this time. The difficulty arises 
in completely stopping the oscillation at the end of the gate 
and before the next sweep commences. To achieve this, it 
has been found necessary to apply suddenly a large amount of 


472 A TEXTBOOK OF RADAR (Ch. XIV 


negative feedback thus producing across the crystal terminals 
a low impedance which rapidly damps the oscillation.2” 

There are many methods by which range marks can be 
produced from a gated sine wave but they can usually be 
summarised by the block diagram of Fig. 297 (c). As shown 
there the sine wave is passed through a high gain distorting 
amplifier which produces a square waveform output which 
crosses the time axis at points which coincide with the corres- 
ponding points of the sine wave. This output is then fed 
through a short time constant coupling circuit to produce a 
series of positive and negative pulses from which a “ pick off” 
tube selects those of cor-cct polarity, and possibly improves 
their shape. 

One of the most useful forms of circuit which can be used to 
follow an oscillator like that of Fig. 297 (a) is shown in 
Fig. 297 (bj. In this the tubes V; and V, form a cathode- 
coupled flip-flop which, in conjunction with V2 of Fig. 297 (4), 
may be considered as the high gain distorting amplifier. The 
output of J’, is fed through a fairly short time constant C\R, 
to avoid difficulties of DC restoration, and is used to trigger the 
flip-flop. Pulses are produced by the circuit LR,C, which is 
approximately critically damped and in which C, represents 
stray capacitance. The tops of the positive pulses are ‘“ picked 
off” by the cathode follower V; which is biased beyond cut-off, 
and appear as range marks across its cathode. It is generally 
possible to obtain range marks of about 20 to 30 volts amplitude 
and less than one microsecond duration by this method. If 
shorter duration, larger amplitude or lower output impedance 
is desired it is usual to replace the cathode follower by 4 
blocking oscillator which is biased so that it can only fire 
when triggered by these pulses. 


Resistance Capacity Ranging Circuits 

Although the oscillator techniques already described represent 
the basic method of range measurement, many sets employ 
systems derived from the sawtooth generators of section 5. 
There are two variations of this type of system in common use, 


“Pe. F. Brown, “* A triggered quartz oscillator,’ Massachusetts Institute 
of Technology Radiation Laboratory, Report 803, August, 1945. 
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one being to start a sawtooth of known slope coincident with 
the transmitter pulse and measure its voltage at the instant 
the echo returns, the other to measure the starting potential 








Triqger 


* €) 


Figure 298.—Resistance capacity ranging circuits. (a) Typical bridge 
circuit. (b) Pick-off diode. (¢) Controllable gate length flip-flop. 


of a sawtooth which is required to give a certain fixed voltage 
at that instant. 

Fig. 298 (a) represents a simplification of an extremely 
common type of bridge circuit used with Class A displays. A 
R.—16 
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sawtooth is produced at A and compared with an accurately 
known DC voltage at B, derived from the precision potenti- 
ometer Rj. If A and B are each connected to a grid of a 
long tail sweep amplifier (section 6) and the potentiometer 
R, is adjusted so that an echo appears at a predetermined 
point on the cathode ray tube screen (determined for equal 
voltages at A and 8B), then the range may be read off directly 
ona dial attached to the moving arm of 3. For good accuracy 
the dotted resistance R, is often inserted to compensate for 
the first order curvature in the sawtooth, compensation being 
exact when it is equal to 2(R, + Rs). Alternatively one of 
the methods of sawtooth linearisation described previously 
may be used in conjunction with a linear potentiometer. A 
set employing this type of ranging system but with a rather 
more complicated potentiometer technique has been con- 
structed to give an accuracy of 0-05 per cent.!® This is essenti- 
ally a null method and it is often more convenient to produce 
a range marker at a specified range.!° This is easily achieved 
by connecting a diode between points Aand Bas in Fig. 298 (6). 
When the voltage at A reaches the potential of B the diode 
begins to conduct and a potential as shown is developed 
across / and may be used to trigger a range-mark generator. 

Another technique is represented by various forms of con- 
trollable gate generator, of which the simplest is a cathode 
coupled flip-flop in which the trailing edge of the gate triggers 
a marker generator. The grid of the initially non-conducting 
tube is returned to a variable voltage [Fig. 298 (c)], and it 
can be shown that for certain combinations of resistors the 
gate length is quite closely proportional to this voltage, so 
that it is possible to calibrate the potentiometer R directly 
in terms of range.® Accuracies better than 0-5 per cent are 
possible by this method, but it suffers from microphonic 
effects. 

The phantastron (section 5) is also used in this type of system 
and can give accuracies approaching 0-1 per cent with fairly 
frequent calibration and could be relied on to 0:5 per cent 
over long periods. 

18 |, U. Hibbard, * Sh.D and G. L. time base and control circuits.” C.S.1.R. 
Radiophysics Laboratory, Report PD 3, October, 1941. 
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10. Some Circuit Arrangements 


The operation of the basic circuits into which most display 
systems can be resclved having been explained, it will now be 
shown how these circuits are connected together in some typical 
systems. In order to make the operation of the circuits more 
obvious, nothing but the bare essentials has been given by 
omitting range switching and monitoring facilities. The 
importance of the latter should not be under-estimated, how- 
ever, since the complexity of the circuits and the number of 
the components require easy and systematic fault finding 
procedures. ‘To assist in this, all tube currents are normally 
monitored and all important waveforms are brought out at 
test points. 


Class A Display (Fig. 299) 


This is a display giving Class A indication on a 5 inch cathode 
ray tube. Maximum range is 180 miles with provision for 
expanding any selected portion of the sweep by a factor of 
eight. It is usable with a pulse repetition frequency up to 
400 cycles per second and has a range accuracy of about 1 per 
cent. Range is measured by lining up the echo on a hair line 
across the tube face by rotating the range potentiometer. 


Operation of the circuit is made clear by the block diagram. 
The tube V, is an anode-coupled flip-flop giving the required 
gate length of approximately 1,900 microseconds, the negative 
output of the tube being utilised to cut off the clamp tube V2 
and the positive output to brighten the cathode ray tube 
for the duration of the sweep. The sawtooth produced at 
the anode of V, is fed to the long-tail amplifier V3, Vy and 
thence to the horizontal deflection plates of the cathode ray 
tube. Sweep expansion is achieved by increasing the voltage 
across the charging resistor and range potentiometer by means 
of the ganged switches. A point of interest here is that the 
circuit arrangement adopted, unlike that shown in Fig. 298 (a) 
keeps the comparison potential constant and alters the potential 
at which the sawtooth commences. This has the merit that 
the long-tail amplifier tubes are always working under the 
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same conditions when a range measurement is being made, 
and the mean potential of the deflecting plates is constant, 
leading to improved focus. Adjustable controls in the gate 
and amplifier circuits are all pre-set’ and need very little 
attention. 


PPI with Rotating Deflection Coils (Fig. 300) 


This represents a very flexible type of PPI circuit. The 
example shown in Fig. 300 has a sweep length of 120 miles on 
a 7 inch cathode ray tube with range marks at 20 mile intervals, 
the performance being independent of pulse repetition fre- 
quency up to about 600 cycles per second. The deflection 
coils are rotated in synchronism with the aerial by means of a 
selsyn transmission system. 

The block diagram indicates that the techniques used are 
mostly those which have already been described in detail. 
Some points worth noting however are, firstly, the application 
of the cathode ray tube gate via an isolating stage in order to 
avoid any interference with the gate length by the video 
signals, secondly, the provision of coarse and tine bias controls 
on the cathode ray tube grid (which is desirable owing to the 
large variations in grid base found with these tubes) and 
thirdly, the method of mixing the video signals and range 
marks. This method is non-additive and prevents overdriving 
of the cathode ray tube screen when an echo coincides with 
a range marker. 


PPI with Fixed Deflection Coils (Fig. 302) 

It is not always possible or desirable to employ rotating 
deflection coils in a PPI system so various methods have been 
developed for producing a rotating sweep with fixed coils. The 
principle is simply to modulate the velocity of sweeps operating 
in a number of fixed directions by the direction cosines of the 
angles between the required sweep and these directions. The 
procedure is illustrated in Fig. 301 where the rotating sweep 
is built up out of two sweeps at right angles. It is seen that 
it is necessary to modulate these sweeps so that their velocity 
is proportional to the sine and cosine of the angle which the 
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required velocity sweep makes with one of the component sweep 
directions. 

A number of techniques is available for performing this 
function one of the most common of which employs a selsyn 
contro] transformer and is described here. Capacitance voltage 
dividers and potentiometers have also been used to derive the 
sinusoidal modulation. The output of a gate generator in the 
circuit of Fig. 302 is applied to the cathode ray tube and to a 
sawtooth generator for a period of approximately 640 micro- 
seconds (60 miles). The resulting sawtooth is amplified by 
an 807 power tube and fed through the rotor of a two phase 
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Figure 301.—Illustrating the production of a rotating sweep with two 
fixed doflection coils at right angles. 


selsyn. The rotor is geared directly to the aerial so that the 
stator outputs have sawtooth waveforms, the velocities of 
which are proportional to the required sine and cosine fune- 
tions of the aerial position. These waveforms are passed 
through the double-ended clamps to the 6V6 sweep amplifiers 
feeding the deflection coils. The sweep direction is therefore 
synchronised to the aerial direction. 

This type of system is inherently less accurate than one 
employing a rotating yoke, since range and bearing are not 
displayed directly in polar coordinates as measured, but are 
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first converted to Cartesian coordinates which are then 
recombined to give the polar form. The possibility of error 
is therefore greater. 


Range Azimuth Display (Fig. 303) 


Some of the circuit arrangements employed in high resolution 
sets are illustrated in the example of Fig. 303. It consists 
of an intensity modulated display in which range is measured 
along the Y axis and azimuth angle along the X axis so that 
the information obtained is similar to that obtained from 
a PPI, but the picture is distorted. The aerial is scanned back 
and forth through a small angle and a voltage proportional to 
its angular deviation from the central position is obtained 
from a potentiometer coupled to the aerial motion. This 
azimuth voltage is fed to the long-tail X axis amplifiers so 
that the horizontal displacement of the vertical range sweep 
is always proportional to azimuth angle. The range sweep 
is a little over 1,000 yards long and can be delayed by any 
amount up to 40,000 yards, the intention being to use this 
display in conjunction with another having a slow sweep 
covering the whole of this distance. It is useful with sets 
employing a very short pulse length of the order of 0-1 micro- 
seconds or less and therefore having a high resolving power. 

The operation of the delayed sweep generator can be fol- 
lowed with the aid of the block diagram. A trigger pulse, 
delayed by a time proportional to the setting of the range 
potentiometer, is produced by the linear sawtooth generator 
and pick-off diode. This is amplified and used to trigger the 
delayed gate which switches on the cathode ray tube and 
initiates the sweep. A low impedance drive is employed here 
and it results in a sweep which is linear to better than 5 per 
cent. In order to utilise the full area of the tube face the 
sweep is made to commence considerably below the centre by 
means of an initial deflection coil carrying direct current and 
wound over the range coils. A range marker is produced in 
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the centre of the cathode ray tube by means of a blocking 
oscillator fired by a fixed delay circuit initiated by the variable 
delay trigger. When this marker coincides with an echo the 
range may be read directly off the range potentiometer. 
Accuracy with this circuit depends to a large extent on the 
accuracy of the range potentiometer, with a lower limit of 
about ++ 25 yards if the error in the potentiometer is negligible 
and if the circuits have been carefully temperature compen- 
sated. 


CHAPTER XV 


AUTOMATIC RANGING CIRCUITS 


1. Applications of Automatic Ranging Cireuits 


As described in Chapter X, a cathode ray tube is normally 
employed in radar sets for display purposes, but there are 
occasions when it is desirable to make the radar information 
available in the form of a meter indication or the angular 
displacement of a shaft. This occurs in certain airborne gun- 
directing sets which use automatic circuits to feed range 
directly to the gun computer, thus eliminating the radar 
operator. Again, in the field of navigational aids for civil 
aircraft meter indicators for the pilot are preferable to cathode 
ray indicators for a number of reasons. Among these are the 
economy of dash-board space achieved by the meter, the 
elimination of difficulties produced by large variations in 
ambient light intensity, and smooth presentation of informa- 
tion to the pilot who cannot afford to look at a cathode ray 
tube for signals which may be fading or obscured by inter- 
ference. 

Mcter indicators may be used with either self-synchronised 
or externally synchronised radars. The first type covers 
distance-measuring radars in which a measurement is made of 
the time interval between the emission of pulses from a local 
transmitter and the reception of echoes from targets or of 
heacon responses. The second includes the hyperbolic navi- 
gational systems in which the measurement of the time delay 
between pulse transmissions received from fixed ground 
stations locates an aircraft or ship on a known line. Examples 
of the two applications are outlined in Chapter XX. 

In both of these cases meter-indicating circuits operate in 
virtually the same fashion, so that the following description 
will be based on a self-synchronised system with a short note 
en the adaptation to an externally synchronised system. 

Operation in the presence of complex echo patterns, such 
as are obtained from ground reflections. is of course beyond 
the capabilities of an automatic circuit and the application is 
therefore limited to those radars in which only discrete targets 
or beacon responses are picked up. 
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2. General Principles 


Under ideal conditions the measurement of time delay between 
two trains of pulses, as shown in Fig. 304 (a), might be achieved 
very simply by feeding them as trigger pulses to a suitable 
multivibrator circuit, thereby producing a rectangular voltage 
wave [Fig. 304 (b)] of duration equal to the time delay. The 
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Figure 304.—Simple method of measuring range when only one target 
pulse and no interference is present. 


average value of such a rectangular wave is proportional to its 
duration so that its application to a suitably calibrated moving- 
coil meter would give a direct indication of distance. How- 
ever under practical conditions the picture of received pulses 
is more likely to be as shown in Fig. 305 where there is more 
than one target or beacon from which pulses arrive somewhat 
intermittently, and accompanied by varying degrees of inter- 
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ference. In this case the simple directly-actuated circuit 
described above will fail completely, and it is clear that a 
practical circuit must have properties which allow it to pick 
out the right pulses, and to give a smooth output reading 
with intermittent input information. The development of 
such a circuit follows logically from a study of the more familiar 
and flexible cathode ray tube display. The latter has some 
form of recurrent time base on which is displayed the video 


a - direc! pulse 
b.c - targets 
rf - random interference 


Figure 305.—Typical pattern of received pulses under practical con- 

ditions. 
output from the receiver during a certain time interval after 
the transmitter pulse. In using this display the eye searches 
along the time base for a synchronised signal, and completely 
disregards all random pulses. On finding the required 
signal the search is stopped and its distance is measured 
off the appropriate scale. Should the signal fade for 
short intervals its position is remembered and it is picked up 
again when it reappears. The velocity of the target may also 
have to be remembered if its movement during fades is appreci- 
able. 

An auto ranging unit will therefore possess the following 
electronic counterparts of the above visual processes (Fig. 306) : 

(a) A short gate pulse, generated after each transmitter 
pulse and movable over the time delay interval appropriate to 
the radar (the ‘eye ’? mechanism). 

(b) A gated or coincidence amplifier to which this gate 
pulse is fed together with the video output of the receiver, 
and which only delivers an output when the gate pulse coin- 
cides in time with a video pulse. This is the mechanism of 
“seeing 7 a pulse. Actually it turns out that two gate pulses 
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are needed, one just behind the other and feeding two gated 
amplifiers, to gain information as to the direction of movement 
of the target. 


(c) A variable delay circuit for setting the position of the 
gates, controllable by means of a DC voltage, which is also 
applied to a meter calibrated in terms of range. 

(d) A slow sweep voltage generator to be connected to the 
delay circuit so that the gates can be swept in and out in 
search of a target. 
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Figure 306.—Block schematic diagram showing the component Eee of 
an automatic ranging unit. 


(e) A sweep disconnector to stop the search when a target 
is found. This will include some form of pulse counter to 
discriminate against random pulses, and there will also be 
@ suitable delay before the search is switched on again after 
a target disappears. 

(f) A tracking mechanism consisting of a differential rectifier 
fed from the two gated amplifiers. and providing an increasing 
or decreasing DC output according as the target overlaps one 
gate more than the other. This, when applied to the delay 
circuit, will keep the gates moving along with the target. 
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The rectifier must have a large storage condenser which will 
maintain a substantially constant potential during signal 
fades, thus giving position memory. A cathode follower 
will be necessary to provide DC isolation between the condenser 
and the metering circuits. 

An alternative tracking method which may be adopted 
in special circumstances is to provide the DC control voltage 
from a motor driven potentiometer, the motor speed and 
direction being controlled by a differential field system fed 
from the rectified gated amplifier outputs. 

(y) If more than one target is present a trip button will be 
required to release the circuit from one target and allow it to 
look for the next one. 

(h) An additional velocity memory circuit may have to be 
introduced if the motion of the target during periods of fading 
is liable to take it out of the gates. 

There are many features of a “servo” mechanism in the 
above items, and the general theory of servos? is applicable 
to some aspects of the circuit design. 


’ 


3. Circuit Design for a Self-Synchronised Radar 


Variable Delay Circuits 

The delay circuit is the heart of an aute ranging system and is 
discussed first. Any cf the types described in Chapter XIV 
may be used although the phantastron is usually chosen because 
it combines good stability with reasonable economy in the 
number of tubes required. Two typical circuits for a 100 mile 
maximum delay phantastron are given in Fig. 307 using a 
6SA7 pentagrid tube and a CV138 (miniature pentode) respec- 
tively. Minimum delay is commonly about | per cent of 
the maximum. Where the control voltage is directly metered, 
as in these circuits. the anode load of the phantastron may 
be made much smaller than the conventional value because 
a little current flowing through the anode diode will have no 
effect on the metering circuits. The cathode follower between 


1G, S. Brown, * The behaviour and design of servomechanisms,” National 
Defense Research Committee, Section D-2 Report, November, 1940; and 
H. Harris, Jr. t Analysis and design of servomechanisms,” National Defense 


Research Committee, Section D-2 Report, undated. 
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anode and grid may then be eliminated. Miniature tubes in 
general seem to be much less stable in delay circuits than their 
full sized counterparts, probably because of their more delicate 
construction. A 6SN7 twin triode used as a delay multi- 
vibrator will give reasonable stability, but a 6J6 miniature 
tube in a similar circuit may suffer from drifts of 2 to 3 per cent 
of the maximum delay. : 


Range or time 





ISOV reguloted 







oc, 
control voltage 
50 to 100 wolts 





I positive 


delayed trigger 


Figure 307.—Typical phantastron variable delay circuits. 


Gate Generators 

Any of the methods of generating short pulses described in 
previous chapters may be used to produce the delayed gates. 
In general the blocking oscillator method is the most useful 
as it gives a pulse at low impedance with a small high tension 
drain. A typical circuit for generating a pair of 4 micro- 
second gates in rapid succession is given in Fig. 308. Here 
the tail of the first pulse triggers the second oscillator. It is 
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also sometimes possible to use the positive overswing on the 
anode winding of a single blocking oscillator as the second gate 
pulse. The required length of the gate pulses is a compromise 
between two factors. Firstly a high speed of search is natur- 
ally desired and this dictates a wide gate so that targets can 
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Figure 308.—Circuit for generating short gate pulses using a blocking 
oscillator. 

be “seen” before the gate runs through them. Secondly a 
narrow gate is required to prevent interference getting through 
sufficiently often to actuate the search disconnector. The 
probability of this occurrence may be calculated for any given 
set-up, and should be made suitably low by choosing the 
correct gate length. 
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Gated Amplifiers 


Any multiple grid tube will serve as a gated amplifier. Positive 
video signals are fed to one grid and positive gate pulses to 
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Figure 309.—Gated amplifier circuits using 6SA7 and 6AKS5_ tubes. 


another grid, both having a cut-off bias applied. The result 
is that anode current can flow only when both grids are “on” 
simultaneously and the output at the anode consists of negative 
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pulses whose duration corresponds with the overlap between 
gate and video pulses. These are hereafter called “gated 
video pulses.” Fig. 309 gives typical circuits and waveforms. 
Where a screen grid is used for gating in tubes in which the 
suppressor is internally connected the gate pulse generator 
must be capable of supplying the screen current required 
by the tube. 


Differential Rectifier 


The differential rectifier is required to produce a rising or 
falling DC output according as one or other of the gated 
amplifiers is producing longer gated video pulses. This 
potential being fed back to the delay circuit will then tend 
to hold the gates centrally over the target. Fig. 310 (a) shows 


HT+ 






Gated Amplifier 


Goted Amplifier Range 


Figure 310 (a).—Differential rectifier circuit using a pair of diodes to 
produce a DC voltage suitable for maintaining the variable delay circuit 
in track with the target. 


a circuit using two diodes feeding in opposite directions to a 
common storage condenser. Diode D, conducts for the 
duration of each gated video pulse from 7',, and the condenser 
C’, acquires a proportional charge which subsequently is fed 
into the storage condenser C,. Similarly D, conducts for 
the duration of each gated video pulse from 7',, taking @ 
proportional charge out of C,. The net effect is that the 
potential on C, remains constant if the two gated amplifiers 
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produce equal pulses, increases if the upper one produces 
longer pulses, or decreases if the lower one does so. In the 
absence of signals both diodes are non-conducting so that the 


Goted videoo—->—_www—] 
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Figure 310 (b).—Circuit of Fig. 310 (a) modified to produce an approxi- 
mately constant DC bias on the diodes. 
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Figure 310 (c).—Differential rectifier using two pentodes. 


condenser C, maintains its potential constant to the extent 
determined by leakage, which must be kept small. In this 
circuit the bias on the diodes varies according to the potential 
on C, so that there are varying delay voltages to be overcome 
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before the diodes conduct. This effect can be minimised 
by connecting the diodes to the cathode follower load as in 
Fig. 310 (0). 


When a relatively small range of potential is required from 
C, it is possible to eliminate the diodes and use the arrangement 
of Fig. 310 (c). Here the gated amplifiers are connected one 
above the other, one feeding charge into and the other taking 
charge out of the storage condenser. With this connection, 
however, the gated video pulses vary in amplitude. 


Search Sweep Generator 


Searching may be accomplished by connecting the storage 
condenser C, into a suitable relaxation oscillator circuit. 
Fig. 311 (a) illustrates a typical circuit in which the storage 
condenser is charged at a slow rate through a high resistance 
connected to the high tension supply and a thyratron is are 
ranged to discharge the condenser when the gates have been 
swept out to the maximum time delay. The grid of the 
thyratron is returned to a point on the cathode load of the 
cathode follower to make its point of firing more definite than 
would be obtained with a fixed bias. 


An interesting sweep circuit using a pentode tube is shown 
in Fig. 311 (b). This is termed a “ scansitron ’”* and combines 
both a transitron and a feedback time constant action. In 
operation the grid potential tends to rise by charging through 
the grid leak R, but with an amplified time constant ARC, 
where A is the stage amplification. The potential at the grid 
therefore rises linearly and the corresponding fall in anode 
potential is also linear. This fall continues until at low anode 
potentials the screen current increases and causes the screen 
potential to fall. The screen is coupled to the suppressor 
so that the potential of the latter also falls causing a reduction 
in anode current with a corresponding increase in screen 


*7. N. Vaughan-Jones, *‘ Notes on transitron circuits,’ Ferranti Report 
INVJ5, May, 1944. 
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current. At a certain point this action becomes regenerative, 
the suppressor is cut off altogether and the anode returns to 
the high tension level. The suppressor then recovers according 
to its time constant and when anode current can flow again 
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Figure 311 (a).—Circuit for producing @ slow sawtooth sweep voltage. 
This is applied to the variable delay circuit to cause it to search for a 
target. 
the anode and grid potentials drop rapidly together by an 
amount approximately equal to the grid base of the valve. 
The screen is then restored to normal potential and the cycle 
repeats from this point. Values shown on this circuit will 
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give a sweep time of about 10 seconds with a short recovery 
time. The grid leak may be open circuited at any point on 
the sweep and the anode potential will remain constant except 


oHT + 
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Figure 311 (4).—Alternative sweep generator using a pentode in a 
“ scansitron *’ circuit. 


for small leakage effects. The condenser C then acts as a 
large storage condenser and the differential rectifier can be 
fed directly into the grid. Thus sweeping and tracking are 
accomplished with a single valve. There is however a slight 
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disadvantage in that the sweep goes negetive and therefore 
the search proceeds from maximum to minimum range. 


A further refinement which may be incorporated in the 
design of the sweep circuit is to proportion the components 
so that the average rectified current produced by each gated 
amplifier is approximately equal to the current flowing into 
the storage condenser via the charging resistor. In this case 
whenever the gate which provides tracking in the direction 
opposite to the sweep encounters a pulse the sweep is halted. 
The average sweep rate may then be considerably increased 
because the gates will stop at a target and allow the sweep 
disconnector ample time to operate. 


Sweep Disconnector 


A sweep disconnector circuit is illustrated in Fig. 312 suitable 
for a radar working with a pulse repetition frequency of 
100 cycles per second on beacons with a 4 microsecond pulse. 
Pulses from both of the gated amplifiers are fed to the diode 
T, whose charging time constant R,C, is such that a gated 
video pulse builds up a positive potential of about four volts 
at the grid of 7, for this particular example. The discharge 
time constant RC, is such that about two volts of this leaks 
away in a repetition period. As the gates are moved out in 
range they make chance encounters with random pulses which 
produce momentary positive pulses at the grid of 7’, but the 
effect of these pulses is not cumulative since they are fairly 
widely separated. However when the gates encounter the 
beacon pulse a rapid succession of gated video pulses is pro- 
duced and the potential at the grid of 7, builds up faster 
than it leaks away. The cathode of T., follows this rise and 
causes 7’, to conduct, closing the relay in its anode circuit 
and disconnecting the sweep. If the signal fades the potential 
at the grid of 7, drops but the cathode cannot follow it down 
because of the long time constant #,C',. and the relay remains 
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closed. If the signal disappears altogether the relay opens 
after several seconds. 

When “ on-otf ” coding of the beacon is used the code may 
be reproduced by a neon lamp in the anode circuit of a valve 
T , whose grid is connected to the grid of 7,. 
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Figure 312.—Cireuit for disconnecting the search sweep from the variable 
delay circuit when a target is found. 


Trip Button 

By momentarily shorting the cathode condenser of 7’, the 
relay A’, can be made to open and allow the search to carry 
on to pick up targets at greater distances. 
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Complete Circuit 

Fig. 313 shows the complete circuit of an experimental auto- 
Matic ranging unit designed for a 100 mile interrogator- 
responsor set, and using miniature valves. A picture of the 
unit and its indicator is given in Plate XXI. 


Velocity Memory and Measurement of Rate 


In the circuits of Fig. 310 an additional resistance-capacity 
combination may be interposed between C, and the delay 
circuit as shown in Fig. 314. Under equilibrium conditions, 


OHT + 








From differential 
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Figure 314.—Velocity memory circuit for maintaining the tracking motion 
of the variable delay circuit during periods of fading. 


with a target moving at constant velocity, the circuit will 
then settle down with a current i flowing into the condenser 
C', of such a sign and magnitude that the rate of change of 
voltage dI"./dt = i/C, keeps the gates moving along at the 
same speed as the target. The storage condenser C, will 
assume a potential which when applied through the associated 
cathode follower will produce the above mentioned current 
in the resistance R. Since dI'./dt is proportional to the rate 
of change of range, the potential drop across QR, i.e. 
Ri = RCV, /dt, is a measure of the velocity of the target. 
If the signal fades the gate velocity is maintained substantially 
constant for times short compared with the time constant RC,. 
This time constant. which may be called the * velocity memory 
time constant.” is made as large as possible. An analysis 
of the transient operation of the circuit shows that “* hunting ” 
may easily occur and circuit constants must be chosen for 
any particular set-up so that this effect is eliminated or mini- 
mised. 





Piare XX1.— An auto-ranging unit and indicator, using miniature tubes. 


facing p. 500) 
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Rate or velocity may also be measured in circuits without 
velocity memory by differentiating with respect to time the 
delay circuit control voltage using a circuit of the type shown 
in Fig. 315. 

With the control voltage changing at the rate dV’ ./dt accord- 
ing to the movement of the target a voltage is produced across 
the resistance R, of magnitude R,C, dV ./dt. This gives a 
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Figure 315.- Cireuit providing a direct indication of target velocity. 


measure of the velocity, but the voltage settles down with a 
time constant R,C,. The value of this time constant must 
be chosen as a compromise between adequate output voltage 
and sluggishness of operation. Since the slope of the curve 
of control voltage versus time will normally have discon- 
tinuities when signals fade, a suitable series time constant 
R,C, is inserted to filter out these discontinuities. 


Sensitivity to Weak Signals 

By careful adjustments an automatic ranging circuit can be 
made to lock on and track With «a signal to noise power ratio 
Somewhat less than unity, but for reliable operation the signal 
to noise ratio should be greater than 2: 1. 
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4. Circuit Design for an Externally Synchronised Radar 


In an externally synchronised system such as the multiple 
track system of Chapter XX, section 2, the time delay is. 
measured between two trains of pulses usually known as the 
“master ’’ and “slave ” transmissions, both of which appear 
at a common receiver output. It is desired to trigger the delay 
circuit by means of the master pulses and lock the gates on 
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Figure 316 (a).—Discriminator responsive to double pulse transmission 
from master station. 


to the slave pulses, at the same time ensuring that inter- 
ference pulses do not cause an undue rate of triggering. Selec- 
tion of the master pulses may be effected by giving them a 
special characteristic or an exact repetition frequency, and 
by using a discriminating circuit on the receiver output which 
is sensitive to this pulse characteristic or repetition frequency 
within a narrow tolerance. 
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An arrangement of the first type is illustrated in Fig. 316 (a) 
in which the master station transmission consists of double 
pulses. Positive pulses are fed direct to the suppressor of a 
pentode tube and also to the control grid through a network 
which introduces a delay equal to the pulse spacing. Both 
grids have cut-off bias applied, so that a pulse is produced in 
the plate circuit only when the second of the two pulses arrives 
at the suppressor simultaneously with the delayed arrival 
of the first pulse at the control grid. Applying the pulses to 
the grids through a short time constant differentiator ensures 
that only the leading edges of the pulses are effective at the 
grids. This makes the discrimination sharper and prevents a 
single long pulse from actuating the circuit. The pulse output 
from the anode may then be used to trigger the delay circuit. 


The alternative circuit using a selector sensitive to repetition 
frequency is shown in Fig. 316 (6). In this circuit 7’, and 7’, 
form a multivibrator using stable components so that its 
natural frequency will hold to within a few cycles per second 
over long periods. This is set at a slightly lower frequency 
than that of the ground station to which it is desired to 
synchronise, by means of a DC bias control on 7'4. Positive 
video pulses are fed to the grid of 7, whose anode is connected 
to the anode of 7’; and whose suppressor is capacity coupled 
to the anode of 7',. Assume for the moment that the multi- 
vibrator has been synchronised by a ** master ” pulse, so that, 
the anode of 7’, has swung negative and that of 7’, positive 
(see waveforms). The anode of 7’, is now below its cathode 
potential while the suppressor is held at cathode potential by 
the diode 7. Under these conditions pulses on the grid 
of 7, have no effect in the anode circuit. When the multi- 
vibrator completes a half-cycle determined by the time con- 
stant RC, and the DC bias control, potentials reverse and 
the anodes of 7’, and 7’, are now positive. while the anode of 7’, 
and suppressor of 7’, swing negative. Pulses on the grid of 7’, 
still have no effect in the anode circuit because the suppressor 
is now cut off. However the suppressor recovers according 
to the time constant R,C,, which is adjusted so that the cut 
off level is crossed (point “a "’) just before the next master 
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Figure 316 (b).—Selector responsive to pulse repetition frequency of 
master station. 
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pulse arrives. The multivibrator itself is at this stage very 
near changeover and any pulse on the grid of 7’, produces a 
negative pulse at the anode of 7';, tripping the multivibrator. 
With careful adjustment of the time constant RC, the circuit 
can be made quite selective so that, for example, pulse repeti- 
tion frequencies more than 10 cycles per second in 2,000 off 
the correct frequency will not synchronise the multivibrator, 
although an adjustment for +- 20 cycles selectivity in 2,000, 
i.e. 1 per cent, is regarded as a good working figure. With the 
arrangement described above it is of course possible for the 
circuit to lock on to the * slave’ pulses. This can be avoided 
by a scheme such as missing out alternate slave pulses. 
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Figure 317.—Indicating system to facilitate navigation on any selected 
track of a multiple track system. 


With both of these methods it is possible for the delay 
circuit to be triggered by a fortuitous arrangement of inter- 
ference pulses but, provided the rate of triggering from this 
source does not exceed a few per cent of the rate of triggering 
by the desired pulses. no harm will be done since the delayed 
gates which are normally locked to the slave pulses will en 
these occasions * see” very few pulses--again by chance 
coincidence with interference pulses. The net effect of these 
pulses on the tracking will cancel out since there will on the 
average be as many coincidences with one gate as with the 
other. 

The indicator in this system may be marked in terms of 
time delay or suitably numbered tracks and to facilitate navi- 
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gation on any desired track a track-selecting switch may be 
provided together with a centre-zero instrument for indicating 
deviation to port or starboard of the selected track. This 
is very simply accomplished by a bridge network as shown in 
Fig. 317. 
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CHAPTER XVI 
RADAR SYSTEMS 


BEFORE a radar set can be designed a statement is required 
of the functions which the system has to perform. ‘This state- 
ment is commonly known as the * operational requirement.” 
During the war the armed forces indicated their operational 
requirements for radar to perform such functions as air warning, 
gun laying on land, sea or in the air, air to air interception, 
ground controlled interception, air to surface vessel search, 
sea search, air and sea navigation, and a host of other important 
roles. When the requirement has been specified it is possible 
to consider the design of a particular sct in terms of the known 
technical limitations of radar. At present, for example, the 
upper limit of transmitter power is as much as 1,000 kilowatts 
at wavelengths down to 10 centimetres and the corresponding 
receiver sensitivity is of the order of 107! watts per megacycle 
bandwidth. Below 10 centimetres, on the other hand, systems 
are limited to transmitter powers of the order of some hundreds 
of kilowatts, and correspondingly smaller receiver sensitivity. 
Although the present state of knowledge makes possible the 
construction of a set of any desired frequency and power 
within the above range, components are often available only 
at a number of discrete frequencies. 

The characteristics of a radar system may be defined as 
those features of a set which have to be varied to meet the 
operational requirement. They can be divided into * fune- 
tional”? and “ operating" characteristics. The functional 
characteristics are such features as coverage, presentation 
and general construction, and are dircetly related to the 
function the set is required to perform, while the operating 
characteristics are deduced from them in the process of design. 
Published examples of a number of typical radar systems will 
be found in the literature.! 


1** Radar Warfare,’ Electronics, Vol. 18, October, 1945, pp. 92-7; ~* Radar 
Specifications,’ Electronics, Vol. 18, November, 1945, pp. 116-19. 
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1. Functional Characteristics 


Coverage 

The coverage of a radar set is the term applied to the volume 
of space in which a given target can be located by the set. 
The coverage diagram is geometrically similar to the polar 
diagram of the aerial expressed in field strength and varies 
for different targets. A typical coverage diagram is shown 
in Chapter XVII, Fig. 322. 

Because the echo from a target is subject to fading, the 
boundaries of a coverage diagram are not precisely defined 
unless a figure is quoted giving the percentage of occasions on 
which a target is just detectable at the range indicated by the 
diagram. Depending on the particular operational use of 
the equipment, it is usual to use a figure of 50 per cent as this 
criterion when knowledge of the exact pick-up range of a 
target is not vital and 100 per cent when it is. 


Floodlighting and Scanning 


Coverage of the specified volume is produced in one of two 
ways, either by floodlighting or by scanning. Floodlighting 
was common with the older low frequency radar sets of 
100 megacycles per second and less when the aerial was not 
highly directive. Bearing and elevation measurements were 
then made by the ordinary direction finding methods, using 
a goniometer or some form of amplitude or phase comparison. 

The broadcast technique gave good service until the advent 
of microwaves made the use of narrow beams possible. In 
order to search the whole volume set down by the required 
coverage diagram, the microwave beam then had to be moved 
about in a methodical manner. This process is called scanning 
and it may take many forms. 

A common type of scan uses what is known as a “fan” 
beam, that is a pattern which corresponds to the coverage 
diagram in the vertical plane and is narrow in the horizontal 
plane. ‘The acrial is rotated about a vertical axis to sweep the 
required yolume. Such scans are used on the ground for 
aircraft search, in the air for surface vessel search and terrain 
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recognition, and at sea for surface search. Another example 
of a fan beam system is one in which the aerial pattern is 
broad in the horizontal plane and narrow in the vertical plane. 
When oscillated about a horizontal axis it is used for height 
finding of aircraft. 


Other types of scan use aerial patterns which are narrow 
in both planes and are referred to as ‘* pencil”? beam systems. 
These generally require more complex scanning motions but 
provide more precise information about the target location. 
A helical scan is an example of this type and is produced by 
slow turning about one axis and rapid rotation about the other. 
This has been used in air to air interception sets and in later 
forms of combined aircraft warning and height finding sets. 


The conical scan is another useful form which is described 
adequately by the name and is used in automatic following sets. 
The aerial system describes a rapid conical motion, and error 
signals produced by displacement of the target from the axis 
of rotation are used to keep the aerial continuously pointing 
at the target. 


The scanning period is the interval of time taken by the 
aerial to return to its original position after completely scanning 
the required volume of space. ‘This time is therefore a measure 
of the frequency with which information is obtained on a 
particular target and is often referred to as the plotting rate. 
The length of the scanning period has a marked effect on 
the design of the set. The shorter the period the more difficult 
the mechanical construction of the acrial becomes ; on the 
other hand, the user has certain requirements in respect of 
accuracy, clarity of presentation, and movement of the target 
between cycles which must be met by sufticiently rapid scan- 
ning. 


Presentation 

Presentation is the term used for the way in which the radar 
information is given to the user. This is usually done by 
means of a cathode ray tube. but for certain purposes a meter, 
a light or an aural indication may be preferable. 
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The Class A display has already been described (Chapter II, 
Fig. 4) and is found in floodlight systems where bearing 
measurements are not taken directly from the display. The 
PPI display (Chapter II, Plate I) and variations of it are com- 
monly used with “fan”? beam scans. One important variant 
is the Class B display in which range and azimuth are given in 
rectangular coordinates. It is often used in airborne sets 
with a forward view of 180 degrees or less. The time base is 
generated in the normal way and sweeps vertically up the face 
of the cathode ray tube with intensity modulation of the echoes. 
The whole time base is then swept sideways with a displace- 
ment proportional to the azimuth angle of the scanning aerial. 
In this way a distorted but recognisable radar picture is 
formed from which accurate data can be obtained. 

Many other forms of display have been used but they are all 
straightforward developments from the two basic types, 
Class A and PPI. Some examples of these are: spiral or 
circular display to give a long time base for accurate range 
measurement, and azimuth versus elevation display to give 
steering direction for use in fighter interception. 


Accuracy and Resolution 
The accuracy of a radar set is given either by stating the 
allowable error in range, bearing and elevation or any other 
coordinates such as ground range, bearing and height, appro- 
priate to the operational use. With some sets the relative 
accuracy tends to become more important than the absolute. 
For instance in shell splash spotting in naval gunnery, once 
the shells are falling near the target the corrections to the 
shell splash position are the real purpose of the set. The 
direction of a pursuing fighter relative to a target bomber in a 
ground controlled interception system is another example. 
Relative accuracy is mainly determined by the resolution of 
the system. and by resolution is meant the ability of the radar 
set to distinguish between two targets in range and in angular 
separation. The range resoluticn is of the same order as the 
pulse Jength ; the angular resolution is of the same magnitude 
as the aerial beam width. 
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Construction 


As well as having the right operating characteristics, equip- 
ment needs to meet requirements for size, shape, weight, 
power consumption and ruggedness to a degree suited to the 
user. Airborne sets require to be suitable for distribution 
about the aircraft in light units designed for centralised con- 
trols and operable at all flying heights; ground sets require 
to be rugged and weathor-proofed ; shipboard sets must be 
rugged to withstand gun blast and suitable for installation 
in offices scattered throughout the ship and often a consider- 
able distance from the aerial system. 


2. Operating Characteristics 


As in any engineering design, the choice of the operating 
characteristics of a system to meet a given operational require- 
ment represents a compromise between conflicting factors. 
The principal operating characteristics of a radar set are 
frequency, aerial size and pattern, scanning motion, trans- 
mitter power, receiver sensitivity, pulse length and _ pulse 
repetition frequency. 

Perhaps the most important consideration is the coverage 
required by the user and this cannot in general be met exactly 
by design but a close approximation is often possible by a 
careful selection of parameters, particularly aerial pattern 
and frequency. 

In the case of floodlighting there is no scanning and the 
subsequent design is straightforward. In the more usual case 
when scanning is used, atentative selection of the method must 
be made before proceeding to decide the aerial pattern, fre- 
quency ete. In a scanning system a number of factors must 
be given careful consideration : 

(a) A complete cycle of scan must be finished in a time 
determined by the user’s requirements in respect of target 
movement, accuracy, and appearance of the display. 

(b) The beam widths in bearing and elevation must be 
correctly chosen for the required angular accuracy and resolu- 
tion. 
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(c) The passage of the beam through a target must not be 
so rapid that insufficient echoes are received for efficient 
display. At least five and preferably more than ten echoes 
per target is a desirable design figure. 

(d) The scanning motion and maximum speed of scan must 
be chosen so that optimum visibility? of the echo is possible 
on the display. In other words due attention must be paid 
to scanning losses. 

(e) The scanning motion must be mechanically feasible. 

After selecting the method of scanning, a pulse length is 
chosen at least adequate for the required range resolution, 
together with a repetition frequency which gives a mean 
transmitter power consistent with requirements for power 
consumption, size and weight. The operating frequency, aerial 
design and transmitter power can then be selected to give the 
aerial pattern required by the scanning motion already chosen 
(Chapter VII). In making this calculation it is clearly econo- 
mical to assume the use of a receiver of maximum possible 
sensitivity for the selected frequency. 

It is also most economical within limits to use as large an 
aerial aperture as possible rather than obtain the performance 
by using a powerful transmitter. In the case of ground and 
shipboard radars close attention must be paid to aerial height 
particularly for systoms which are intended to detect targets 
close to the surface of the earth, when it is important to place 
the aerial as high as possible. The choice of frequency is 
further modified by consideration of scattering from particles 
such as raindrops and attenuation in the atmosphere (Chapter 
II, section 7), particularly above about 3000 megacycles per 
second in frequency. Effects above this frequency can be 
serious enough to restrict their operational use to applications 
where reliable all weather ranges of less than ten miles are 
required or where performance is only sought in clear weather. 


? Ruby Payne-Scott, ‘* Ultimate visibility of signals on a PPI display 
and the effect of electrical parameters on visibility,” C.S.I.R. Radiophysics 
Laboratory, Report RP 252, May, 1945. 


CHAPTER XVII 
GROUND RADAR 


1. Air Warning Radar 


THE origina) British air warning system known as CH (Chain 
Home) consisted of a chain of stations, each of which trans- 
mitted pulses of high frequency energy from an aerial system 
having a fairly broad radiation pattern in the horizontal 
plane. The reflected signals from aircraft in the region 
“illuminated ”’ by the transmitter were picked up by other 
aerial systems adjacent to the transmitting system and speci- 
ally designed to allow the azimuthal and clevation angles of 
the reflecting objects to be measured. The use of the broad 
illumination or ‘* floodlighting ’’ technique was desirable at 
the low frequencies in use in these stations and allowed a general 
picture of the whole area to be obtained continuously, and any 
chosen target to be located at will. At the frequencies in use 
in these early stations the construction of rotatable narrow 
beam aerials such as are used at higher frequencies was not 
feasible. 

The original CH apparatus operated within the range 20 to 
60 megacycles per second, one reason for this choice of frequency 
being that receiver and transmitter techniques for these fre- 
quencies were well established, and very high transmitter 
powers could be obtained. Several types of pulse transmitters 
were used, the early ones being characterised by large water- 
cooled demountable continuously-evacuated valves. 

Pulse powers approaching one megawatt were obtained in 
some cases. Later. as valve technique developed, scaled-off 
valves were used in new equipments. 

Several combinations of pulse length and receiver bandwidth 
were available, so that long pulses could be used when maxi- 
mum searching range was required. and short pulses when 
good resolution from other targets or permanent echoes was 
necessary. The pulse repetition frequency was limited to a 
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low value to prevent echoes from ionospheric regions returning 
during subsequent time base sweeps and cluttering the in- 
dicator. 

The use of high towers as aerial supports (Plate XXII) fol- 
lowed naturally on the operational requirement for long range 
location with height measurement on aircraft flying at medium 
height. Separate transmitting and receiving aerials were used 
and they were supported on towers up to 360 feet high. For 
transmission a stack of horizontal half wave dipoles with 
reflectors was used so that an approximately circular area in 
front of the array was illuminated. The receiving aerials were 
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Figure 318.—CH Polar Diagrams. 


arrays of crossed half wave dipoles, the planes of the arrays 
being at right angles to each other with one array parallel to 
the transmitting aerials. Transmission lines from the centres 
of the arrays fed a goniometer which allowed the direction of 
arrival of the echo to be determined. Sense determination 
was performed with the aid of parasitic half-wave reflectors 
situated parallel to the crossed receiving arrays. Normally 
the centres of these reflectors were open-circuited so that their 
effect on the direction finding system was negligible. By 
closing either of the “side sense ” reflectors and the “ back 
sense ” reflector and observing the effect on signal strength it 
was possible for an oprrator to determine the quadrant in 
which the target was situated. Transmitting and receiving 
polar diagrams are shown in Fig. 318. Receiving lobes, 
A, B or C may be deleted at will for sense finding. 
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Owing to ground reflection which causes addition and can- 
cellation of radiation in certain directions, the polar diagram in 
the vertical plane of a given aerial system consists of an inter- 
ference pattern of lobes with gaps between them. ‘To fill these 
gaps a second set of aerials was used at a different height, so 
that the interference patterns were different and the maxims of 
one system tended to coincide with the minima of the other. 
The resultant coverage in the vertical plane for a typical 
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Figure 319.—CH Station. Vertical Coverage Diagram. 


CH station is shown in Fig. 319. It is seen that most of the 
gaps are filled quite satisfactorily. The centres of both the 
upper and the lower transmitting and receiving aerials were 
at the same height. 


To measure the height of an aircraft, the transmitting aerial 
which gave the greater field strength at the aircraft was used, 
and the echo strengths with the high and low receiving acrials 
compared. This method of height finding is similar to that 
described below in the section on ground controlled inter- 
ception. A third very low sect of receiving aerials was used 
for aircraft at high angles of elevation. 
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Echoes were shown on a Class A display on which an elec- 
tronic strobe could be set to measure the range of any echo. 
The strobe control, the goniometer and the sense switches 
were connected to an electrical calculator built largely from 
automatic telephone exchange components, which converted 
the radar information into a grid reference for rapid plotting 
on maps at the station and at operations control rooms. This 
device allowed plan position information to be displayed in 
filter rooms and operations rooms with only a small time delay. 

In spite of the fact that most of the British CH stations 
were built before the war, their performance was so good that 
they formed the backbone of the British air defence warning 
system during most of the war. 

The coverage obtained on large aircraft is shown approxi- 
mately in Fig. 319, and in most of this region height could 
be measured with an accuracy as good as + 1,000 feet. The 
major disadvantages of this type of equipment which, can only 
be overcome by using very much higher frequencies, are the 
short warning range on low flying aircraft and the difficulty 
of handling large numbers of aircraft. Nevertheless the CH net- 
work was able to give adequate warning of the heavy enemy 
daytime raids of the Battle for Britain and to control daylight 
fighters in intercepting the enemy bombers, which fortunately 
attacked at fairly high altitudes throughout. This fact is a 
clear indication that the Germans had little or no idea of the 
plans for the air defence of Great Britain. 

The solution to the low flying problem lay in the use of 
much higher frequencies. If a station operating on 100 or 200 
megacycles per second can be placed on a high site overlooking 
the sea, the bottom lobe of the ground reflection interference 

pattern is much lower than the corresponding lobe of a long 
wave CH station. Likewise a 3000 megacycles per second 
system is much better again than a 200 megacycles per second 
system. An example of a lobe pattern for a 200 megacycles 
per second radar system is given in Fig. 320, which shows the 
coverage for medium sized aircraft of an Australian lightweight 
station situated 100 feet above sea level. It is an advantage 
to place the station on a high site, or even to mount the aerial 
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on a tower in order to depress the bottom lobe, increase the 
number of lobes and reduce their spacing. 

With increasing frequency, the reflection coefficient of 
aircraft decreases rapidly so that the aerial gain must be 
increased to retain good performance. This is done for fre- 
quencies of the order of 100 to 200 megacycles per second by 
using a broadside array of dipoles with a sheet or mesh reflector, 
or sometimes an array of Yagi acrials. Parabolic reflectors 
excited by dipoles, waveguide horns or resonant slots are 
usually employed in the microwave region. 
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Figure 320.— Lobe pattern in vertical plane for 200 megacycles per second, 
air warning station, overlooking the sea, height 100 feet, lobe curves 
drawn for a maximum range of 100  imiles. 


After taking into account transmitter and receiver perform - 
ance, aircraft reflection coefticient and acrial gain, it is found 
that aerials of approximately the same total surface area are 
required for the same warning range between wide limits of 
frequencies. Most of the high performance air warning 
systems produced in many parts of the world havo had aerials 
of the order of 200 square fect in area. Although the per- 
formance of a system of a given size is not very much dependent 
on frequency, the weight and difficulty of construction of 
aerials for very short wavelengths tend to increase because 
of the small tolerances on accuracy of shape and rigidity. 

*“ Beam” type medium wavelength radar systems. as 
distinct from long wavelength ~ floodlighting, ” of surprising 
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similarity were developed independently by Britain, America 
and the enemy at much the same time. The 200 mega- 
cycles per second * beam ” stations, e.g. British CHL (Chain 
Home Low) were much smaller than the CH and gave superior 
performance against low flying aircraft but could not supply 
very reliable height information. Referring to Fig. 320 it is 
clear that an estimate of height can be made by observing the 
ranges at which the echo disappears as the target flies through 
the minima between lobes. If the aircraft does not fly a level 
course, the height estimated in this way may be grossly in 
error. 

In the Pacific Area, the mechanical and structural require- 
ments of air warning radar systems were very different from 
those prevailing in Europe. Probably the most successful 
radar in this area was the Australian LW/AW Mark I which 
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Figure 321. Lobe pattern of microwave early warning radar. 


was transportable by ship, aircraft and manpower but was 
nevertheless robust enough to operate continuously under 
severe tropical conditions. Although it was a low power 
system, its performance was so good that it gave consistent 
reliable warning ranges of 80 to 100 miles and more (see 
Plate XXIII). 

The first of these sets began operational service at Darwin 
in February, 1942. and since then large numbers have been used 
by the RAAF and the US Forces. A very thorough routine 
of preventive maintenance and careful observation of operation 
allowed these sets to run continuously at high efficiency and 
with very few breakdowns. 
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In the European theatre where the aircraft density was very 
high at times and the enemy adopted countermeasures and 
zero altitude attacks, medium wavelength radar stations did 
not give sufficient protection. The high power (500 kilowatt) 
microwave magnetron made possible reasonably good warning 
of very low flying aircraft. This is demonstrated by comparing 
the shape of the bottom lobe in Figs. 319, 320 and 321. The 
narrow horizontal beam width which could be obtained greatly 
improved the resolution of echoes on PPI displays and reduced 
the effect of land echoes. The detail which can be seen on the 


indicator of a high power microwave set is shown in Plate 
XXIV. 
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Figure 322.—Vertical coverage diagram, overlapping lobe envelope type 
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of microwave early warmng radar. 


The difficulty which did arise was that of searching w large 
volume of space with a narrow beam. This problem has been 
attacked in various ways in Britain. America and Australia. 
The simplest is the use of a vertically fanned beam rotating in 
azimuth. Even with this method sufficient volume cannot be 
covered while retaining. adequate warning range. An alter- 
native is to use two transmitters and aerials on one turntable 
to produce two beams as shown in Fig. 322: 
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Another compromise solution is to scan the narrow beam 
according to a definite sequence either rapidly in elevation and 
slowly in azimuth or slowly in elevation and rapidly in azimuth 
{helical scan, Plate XXV (a)]. Whichever solution is used, 
either the weight and complexity of the station is increased or 
the plotting rate is reduced, This is the price for low flying 
coverage, freedom from gaps and good resolution. On the 
other hand the combined elevation and azimuth scans provide 
the possibility of fairly accurate height finding. 


2. Ground Control of Interception 


After cessation of the heavy German daylight attacks on 
Britain in 1940, the enemy began night bombing raids, hoping 
that his losses of aircraft would be greatly reduced. These 
tactics were at first very successful but were later countered 
by the development of the GCI (Ground Control of Inter- 
ception) and Al (Aircraft Interception) techniques. 

The range of the AI is short so that night fighters require 
accurate positioning by ground control before the AI can make 
contact with the enemy. The plan position and height accur- 
acy of the CH type of station was barely good enough for this 
purpose, only one target could be dealt with at the one time, 
and the delay in presenting information on plotting tables 
or maps was too great. 

A new ground control equipment was therefore developed 
using a beam of radiation comparatively narrow in the hori- 
zontal plane, scanning through all the aircraft under observa- 
tion many times per minute, and the received information 
was displayed on a PPI. This allowed the ground controller 
to view a number of targets simultaneously with the knowledge 
that the plan position information was never more than a few 
seconds out of date. 

The equipment developed for GCL operated on 200 mega- 
cycles per second and with modification it served during most 
of the remainder of the war. The transmitter and receiver 
used were similar to those in the CHL air warning stations 
and the PPI served as the main indicator, in conjunction with 
a modified Class A display for height reading. 


controlled interception radar. 
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The principal difference between a CHL and GCI system 
is in the aerial. A GCI aerial is made in two or more sections 
at different heights above ground level [Plate X XV (b)] so that 
several vertical plane lobe distributions can be set up and 
target height computed from the ratio of signal strengths 
obtained with two aerial combinations. The method differs 
from the CH height finding technique in using a common 
aerial for transmitting and receiving and in estimating signal 
strength ratios by direct visual comparison of two adjacent 
blips on a Class A display. 


Frequency 200 M¢/s 








0 2 4 6 8B 10 12 14 16 18 2 22 24 26 28 30 
Angle of elevotion- degrees 


Upper half (mean height (25 feet) 
———-— Lower hol (meon height 7} feet) 


Figure 323.—200 megacycles per second GCT aerial— receiving. Curves 
show relative sensitivity against angle of elevation when receiving with 
sections of aerial at 124 and 74 feet. 


The height measuring technique can be best explained by 
referring to a particular system in which the aerial is in three 
sections whose mean heights above ground are respectively 
35 feet, 124 feet and 7} feet. Since the aerials are so close 
to the reflecting plane the lobe patterns consist of a small 
number of broad lobes. Fig. 323 shows the relative field 
strength distributions set up by the sections at 12} and 7} feet 
when used separately. It is clear that if a target is illuminated 
by a given transmitting aerial and the echo strengths with the 
two receiving aerials are compared, several angles of clevation 
of the target are possible. ‘These ambiguities can usually 
be resolved by using more than one combination of lobe 
patterns. Echoes are presented to the height reader on a 
Class A display on which the trace is in its normal position 
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when receiving on the upper aerial, and deflected slightly to 
the right when on the lower aerial (Fig. 324). The switching 
of aerials occurs at a high speed, alternate pulses being re- 
ceived on each of the aerials. The operator estimates echo 
ratios, reads the range, and then computes height with the aid 
of a height conversion chart. 

200 megacycles per second GCI systems depend on reflection 
from a ground plane very close to the aerial producing an inter- 
ference pattern and it is essential that the stations be sited 
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Figure 324.—GCI range-height display. 


on flat, clear areas of land, 1,000 yards or more in diameter. 
Even then it is necessary to check the calibration of each 
station with the aid of aircraft flying at known altitudes. 
These stations are not, however, as critical with regard to 
calibration as were the long wave CH systems. 

This dependence on site is the major disadvantage of the 
medium wavelength GCI system which could not be avoided 
until the microwave cavity magnetron was developed to & 
stage where very high power was available. This advance 
has taken ground radar one stage further from “ floodlighting,” 
through * broad beam” searching, to “ searchlight ”’ beams. 
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In other words, the aerial radiation is made a pencil-like beam, 
or a fan-shaped beam, which scans space according to a suitable 


law so that the required volume is swept in as short a time as 
possible. 
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Figure 325.—Microwave height finder—Vertical coverage diagram. 
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Figure 326.—Microwave height — finder Range-height display. 
Microwave height finder. 


The method adopted in most microwave GCI systems for 
determining plan position and height is to use two separate 
radar sets, one sweeping continuously in azimuth with a PPT 
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display and the beam fanned ox:t in a vertical plane, and the 
other looking in any desired direction, with a beam very 
narrow in the vertical plane and broad in the horizontal plane. 
This beam is swept up and down through the target (Fig. 325), 
and the target height is read off directly from a range height 
indicator (Fig. 326). 

‘A microwave height-finder of this type is almost completely 
free from siting effects, and gives reliable heights down to 
angles of elevation of } to 3 degrees. Below this limit, a 
portion of the aerial beam is reflected from the ground and the 
interference pattern produced makes accurate measurement 
almost impossible. [See Plate XXVI (a)]. 

In operational use, the interception is directed by a GCI con- 
troller, who observes a PPI and receives information from 
the height reader and the liaison telephonists who are in contact 
with other warning stations or an operations filter room. In 
the early stages of an interception the controller is assisted 
by a navigator who plots the courses of friendly and enemy 
aircraft and computes true target course, indicated air speed, 
ete. The controller directs the fighter by radiotelephone, 
bringing him into a position on the tail of the target so that 
it can be seen by the fighter either visually or with the aid 
of AI. The final stages of the intereeption are controlled by 
inspection of the PPI screen, without assistance from the 
navigator. 


3. Gunfire Control 


To determine the position of a target well enough to control 
gunfire, extreme accuracy is required in the measurement of 
distances and angles. Although accurate measurement of 
range was possible at the beginning of the war, angles could 
not be measured with sufficient precision to make gunnery 
completely independent of optical sights until microwave 
equipment was produced. 

The problem of gunnery against surface targets is easier 
than that of anti-aircraft gunnery because it involves position 
finding in two dimensions only instead of three, and targets 
move comparatively slowly. : 
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The technique almost universally used to inerease the 
angular accuracy of gunnery and searchlight control radar on 
200 megacycles per second was that of beam switching. This 
involved deflecting the beam from tho aerial slightly to one 
side and comparing the echo strength with the beam in its 
normal position and when deflected (Fig. 327). Although 
good enough for searchlight control the accuracy obtained did 
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Figure 327.—Accurate diroction finding with beam switching aerial. 


not satisfy the requirements of gunnery. As an example, the 
American SCR-268! had an angular accuracy of + 1:1 degrees. 
The searchlight control radar in use in Britain in 1940-41 
which had similar accuracy, was very successful and 
proved of great assistance to night fighters when AT was not 
available, Some coastal defence systems, such as the Aus- 
tralian ShD, were more accurate because they made use 
of two stations to take simultaneous range measurements on 
a target whose position was then calculated by triangulation. 

Anti-aircraft radars such as the British SLC (Searchlight 
Control) and the American SCR-268 achieved position finding 
by using separate transmitting and receiving aerials, the latter 
being in two sections to allow accurate direction finding in 
both azimuth and elevation [Plate NXNVI (b)]. 

The advantage of using microwaves for surface gunnery is 
threefold: the effective range is greatly increased, in the 
same way that the low flying coverage of AW systems improves 
with increasing frequency, the angular accuracy is sufficient 
for blind firing, and finally. resolution is so high that shell 
splashes near the target can be seen. Thus, even when firing 
blind, range and position finding is superior to that achieved 


1“ Phe SCR-268 radar,’ Electronics, September, 1945, pp. 100-9. 
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with optical range finders, so increasing the chance of hitting 
the target with the first salvo. By observing the fall of shot, 
ballistic and ranging errors can be corrected in the second salvo. 

Ground based and shipboard surface gunnery sets of recent 
design are very similar, and the reader is referred to 
Chapter XVIII where the latter are discussed in some detail. 
The aerials of recent systems permit both continuous rotation 
with PPI indication and rapid sector scanning with display on 
a range-azimuth indicator (Fig. 328).? 





—— Azimuth—- 


Figure 328.—Gunnery radar range-azimuth (class B) indicator, showing 
a group of targets. 


Precision anti-aircraft fire control radar systems are exempli- 
fied by the SCR-584 developed in the United States.? This 
set was produced in very large quantities and proved itself 
invaluable in defeating the V-1 flying bomb. It is a microwave 
set with provision for routine searching as well as controlling 
gunfire on a selected target by automatically tracking it and 
feeding data into a gun director. 

In searching, the beam scans helically, rotating in azimuth 
at 6 r.p.m. and scanning through 20 degrees in elevation once 
per minute. Echoes are displayed on a PPI. The maximum 
searching range on a medium bomber is over 30 miles. When 


= H. A. Straus, et al., ‘‘ Fire-control radar MPG-1,”’ Electronics, December, 
1945, pp. 92-7; and January, 1946, pp. 110-17. 

3" The SCR-584 radar,” Electronics, November, 1945, pp. 104-9; and 
December, 1945, pp. 104-9. 
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a target is found the beam is manually pointed in that direction 
and made to scan conically. The conical scan with an apex 
angle of 2} degrees is achieved by spinning the feed dipole, 
which is slightly asymmetrical, about the axis of the aerial 
reflector (Fig. 329). The effect of this is to create a sinusoidal 
error signal when the target is off the axis of the reflector, 
and a constant signal when it is exactly on the axis. The 
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Figure 329.— Conical scanning of SCR— 584 gunnery radar. 


tracking error signals control servo-mechanisms which drive 
the aerial to track tho target automatically. The aerial and 
the precision range measuring unit are mechanically coupled 
to a data transmission system which continuously feeds 
azimuth, elevation angle, slant range and altitude information 
in electrical form to the gun director which in turn gives 
future position of the target and directs the guns accordingly. 

The accuracy of the system, which produces a peak power 
of 250 kilowatts and has a 6 foot diameter aerial, is — 25 yards 
in range (up to 28,000 yards) and -+ 0-06 degrees in angle. 
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4, Identification Friend or Foe _ 

The auxiliary radar system known as IFF (Identification . 
Friend or Foe) has been very widely used to distinguish friendly 
from hostile aircraft. It consists of two parts, one associated 
with the radar set, called an interrogator-responsor, and the 
other carried by the friendly target, called a transponder. 

The low power ground transmitter (interrogator) sends out 
pulses at a repetition frequency controlled by the main radar 
system, and these pulses are picked up by the “ transponder ” 
unit fitted to friendly aircraft and ships. The transponder 
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Figure 330.—Class A display showing Identification Friend or Foe, 

with echoes from friendly and hostile targets. 
contains a receiver, which picks up the pulse and amplifies 
it so that it will trigger a small transmitter contained in the 
same unit. The responses from the transponder can be coded 
to indicate the identity of the aircraft or ship, or to give 4 
distress signal. Returning to the radar station, the responses 
are picked up by the IFF receiver or “ responsor” and dis- 
played usually on one of the indicators of the main radar set. 
The Class A display is normally used, and the IFF responses 
are shown on a displaced trace to separate them from normal 
echoes. The appearance of echoes with and without IFF is 
shown in Fig. 330. 
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5. Applications to Civil Aviation 


An important development from the air warning and GcI 
techniques is their application to the supervision of aircraft 
approaching airports and their control when preparing to land. 
During the war this problem was handled on a large scale, often 
with aircraft that were in difficulties, and much valuable 
experience has been obtained both operationally and technic- 
ally. From the technical point of view the most serious 
problem to be overcome in sets devised for this purpose is the 
elimination of ground clutter while still retaining clear echoes 
from aircraft which may be flying low over built-up areas. 
One solution to the problem is to compel all aircraft to carry 
a responder beacon to enable a clutter-tree echo to be received 
on the ground, but until such time as this becomes an agreed 
method it will be necessary to design ground sets which will 
give the best possible performance without beacons. Such 
a set will need to operate in the microwave region. 

Applications of ground radar to civil aviation are of three 
types. 


Airways Control 


The purpose of an airways control set is to provide at the 
control centre a means of supervising the movement of all 
aircraft within a given area. This requirement can be very 
nearly met by a radar set which gives a PPI picture of all 
aircraft at normal civil flying heights up to a range of 150 miles. 
With this information suitably presented to the control officer, 
he can check the spacing of aircraft along the traffic lanes, give 
an aircraft permission to start descending and watch for un- 
scheduled aircraft on or near the traffic lanes. Normally it is 
necessary to locate such a radar set at a remote point chosen 
from topographical considerations in order to provide adequate 
coverage. The problem then arises of relaying the PPL 
information back to the traflic control point. Such relay 
systems have been devised to give an exact replica of the 
original PPI at the receiving end and have made use of either 
land line or radio links. Myen with the PPL available at the 
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control centre it is necessary to have the service of plotters 
or some plotting device to display the positions of aircraft, 
their course, identity and height in a form which can easily 
be read. 


Airport Approach Control. Under conditions of good visibility, 
the control of aircraft approaching or leaving an airport is 
carried out visually from the control tower, but when visibility 
is bad there is a requirement for a radar set which gives a 
PPI display in the control building of all aircraft within 
twenty miles of the airport and up to heights normally flown 
while under airport control. The set itself can usually be 
placed on the airfield with an aerial system not exceeding 
12 feet in height and about 12 feet wide operating for example 
on a frequency of 3000 megacycles per second. The PPI 
picture is relayed by cable to the control building where it is 
observed directly or replotted to a more convenient form of 
display. The control officer then makes use of this information 
when giving instructions to the aircraft. 


Airport Ground Traffic Control. Within the boundary of the 
airfield it is necessary to have some means of controlling both 
taxiing aircraft and vehicular traffic. At present this is done 
by visual means but as landing aids improve and airports 
are operated fully in reduced visibility the problem of ground 
traffic control becomes very acute. It is expected that a high 
definition radar set can at least partly solve this problem by 
providing a PPI picture of all obstacles, moving or otherwise, 
on the surface of the airfield. The other part of the problem, 
that of controlling taxiing aircraft and vehicles on an airfield, 
is difficult and will repay considerable study. 


CHAPTER XVIII 


SHIPBOARD RADAR 


THE use of radar during the war brought about a revolutionary 
change in the science of naval warfare and its use by ships of 
the Allied Navies made a great contribution to the success 
which they achieved at sea. In a modern warship the radar 
installation constitutes an instrument of vital importance 
which has materially increased fighting efficiency. In every 
type of naval action whether it be ship versus ship, ship versus 
aircraft, or ship versus coastal installations radar plays 
an extremely important role. Moreover all such actions may 
now be executed in complete darkness or under cover of fog. 

The applications of radar have not been confined to naval 
engagements with enemy forces ; it has been used with great 
effect in the control of convoys, as an aid to navigation, and 
as a means of determining and maintaining the dispositions 
of ships of a fleet. 


1. Design Features 


The functions and general electronic features of naval 
radar sets are basically the same as those of ground-based 
systems. These have already been treated in some detail in 


Chapter XVII. 


The practical application of radar at sea is, however, a more 
difficult problem than on land. An attack on land usually 
comes from the air in the form of bombing or strafing whereas 
at sea, an attack may come either from the air as bombing, 
strafing and torpedoing, or from other ships as shelling and 
torpedoing. The ship's installation therefore must be capable 
of dealing with each type of attack and sometimes with different 
types of attack simultancously. ‘The differences between 
naval radar sets and their ground counterparts result) prin- 
cipally from the physical limitation of size and weight, problems 
of aerial and feeder design and the necessity of stabilisation 
against movement of the ship. 
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Physical Limitations 
The limitation of space in warships, particularly in the case 
of destroyers and corvettes and in the older designs of ships 
where the housing of extra equipment is not catered for, results 
in certain undesirable features appearing in the design of 
equipment, for example long transmission lines to the aerial, 
inefficient layout of units, etc. Satisfactory operation of 
equipment, comfort of the operator and accessibility for 
servicing are important factors when designing equipment to 
operate in restricted space. Attention must also be given to 
the size and weight of radar sets intended for use on small 
class ships. The difficulties of accommodation are not so 
marked today as at the beginning of the war because ships 
are now designed to cope with the space and facilities demanded 
by radar. 
Problems of Aerial Design 
The design of a radar aerial for naval use is governed largely 
by the class of ship. Electrical performance must often be 
sacrificed in order that the aerial may conform to the restric- 
tions imposed by mechanical considerations. The wind 
loading and aerial gain (a measure of performance) are both 
proportional to the cross sectional area of an aerial. A com- 
promise must therefore be made to arrive at an area which will 
give reasonable performance and at the same time satisfy the 
requirements of size, weight and permissible wind loading. 
The feeder from the radar set to the acrial must be kept as 
short as possible to minimise loss. This is especially so in 
metre-wave sets where the loss per unit length may be large 
particularly when coaxial cables with dielectric filling are used. 
The prevention of corrosion is another important aspect of 
aerial and feeder design. Since the ship may be at sea for 
months at a time, the aerial cannot be periodically inspected ; 
it must therefore be made to withstand the effects of salt 
water without detriment. 


Stabilisation 


The motion of a ship introduces problems which, although 
quite readily overcome with modern devices, add complication 
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and further accessory equipment. The roll and pitch of a 
ship must be allowed for, especially in some of the more precise 
radars providing fire control data. The narrow beam of 
radio energy used in this application must not be allowed to 
change its orientation with the rolling of the ship and this 
may be prevented by the use of a gyro-stabilised platform to 
carry the aerial. 


Mechanical Features 


In the case of operations on land the radars can usually be 
situated at a distance from the target area and reserve equip- 
ment is available in the form of mobile units which can be 
brought into action in the event of damage. In the Navy, on 
the other hand, the equipment and personnel are situated 
within the target itself and reserves are seriously limited by 
space. With these considerations in mind it is easy to under- 
stand the reason for the extremely robust construction of all 
naval radar sets ; in common with other types of equipment 
found aboard naval vessels they are remarkably well designed 
and engineered. Where possible the equipments are accom- 
modated in the least vulnerable parts of the ship, or else are 
shielded from gun blast to reduce as far as possible the likeli- 
hood of their being put out of action. The protection of 
radar equipment against the effects of extreme climatic con- 
ditions is also a matter of some importance. The problem, 
which is a general one and is not peculiar to radar, has re- 
ceived attention by the Services and manufacturers throughout 
the world. Quite early in the war the task of evolving radar 
equipment to operate through the rigours of the Arctic and 
Atlantic winters was undertaken and the result was a serics 
of carefully designed °° cold resisting 7 radar sets which proved 
invaluable for escort warships. An even greater task con- 
fronted the Allied Navies operating in the Pacific theatre. 
The production of ~ tropic-proofed © radar equipment, which 
came into service in the later years of the war, was the outcome 
of detailed investigation into the detrimental cffects of high 
humidity and temperature. 


534 A TEXTBOOK OF RADAR (Ch. XVIII 


Electrical Features 


In contrast to ground-based equipment the aerial of a naval 
radar set is often situated some distance from the radar cabin. 
The aerial is driven by a motor in the aerial mount and is 
controlled remotely from the cabin. In modern equipment 
the operator can select a variety of speeds of rotation, or stop 
the aerial and oscillate it back and forth over a small sector 
to maximise on a signal. The angular position of the aerial 
is repeated in the cabin by means of a selsyn link, which also 
drives the deflection coils of the PPI displays. 


The radar sets in a warship are of necessity, situated within 
close proximity of one another and precautions have to be 
taken to avoid interference between sets. The most successful 
way of doing this is to incorporate a master timing oscillator 
which fires all the transmitters in synchronism. Other methods 
must be adopted in the case of sets using rotary spark gap 
modulators which cannot be synchronised. This type of 
modulation however, is being superseded by the stationary 
gap, thyratron and hard valve, all of which can readily be 
synchronised. Interference to the radio equipment of the 
ship is usually obviated by blanking off the communication 
receivers during the radar pulse. Where synchronisation is 
not possible, ultra-high frequency wave traps are used on the 
input to the communication receivers to eliminate the radio 
frequency radar pulse. Shielding, filtering in the power 
cables, and care in the disposition of radio equipment ensure 
minimum direct pick-up from radar modulators. 


Use of Radar Data 


It is possible that a greater degree of coordination exists in 
the treatment of data from naval sets than in any other applica- 
tion of radar. The information supplied by radar is in an 
elementary form which must be filtered before being trans- 
mitted to the Command. The sum total of information is 
brought together at a central point, sifted, analysed and passed 
to the Command in a suitable form. The procedure must be 
carried out in the shortest possible time otherwise the situation 


§1] SHIPBOARD RADAR 535 


may change before the Command is able to make a tactical 


decision. To achieve speed much of the information is trans- 
mitted automatically. 


2. Naval Radar Systems 


The evclution of naval systems has followed the same general 
trends as those of ground-based and airborne equipments from 
metre to microwave operation. It is not proposed to discuss 
in any detail the individual radars designed for shipboard 
use and it will suffice to mention some features of the more 
important sets. The main tactical applications of radar at 
sea will be briefly outlined. 


Air Warning and Fighter Control 


The functions of air warning and fighter control are closely 
allied as far as the use of radar is concerned. Anti-aircraft 
fire control is also associated with these two functions but to a 
lesser extent. It is not possible therefore to speak of the 
part which radar plays in any one of these functions to the 
complete exclusion of the others. 

The air warning radar is required to perform the following 
three functions : (a) give early warning of the approach of 
hostile aircraft ; (b) give position of a hostile aircraft and the 
friendly fighter which is intercepting it; and (c) give a 
determination of heights of these aircraft. 

The air warning and fighter control systems on board ship 
are very similar to their counterparts in land-based equipments 
and the handling of information is very much the same as 
in the case of air warning and GCI stations. 

The original air warning set for use on battleships, cruisers 
and aircraft carriers was merely intended to give a measure of 
warning of the approach of aircraft so that preparations could 
be made to deal with them in the event of their being hostile. 
These sets were put into service in 1940 and 1941 and although 
they were of a rudimentary nature judged by modern standards 
good results were obtained. Although they were the first 
of their kind they have proved so reliable that quite a number 
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are still in service today. These are metre-wave sets operating 
in the vicinity of 100 megacycles per second. 

Warning equipment for smaller ships such as destroyers and 
corvettes took the form of a modified version of a lightweight 
radar developed for the Air Force early in 1941. 

These sets failed to meet the requirements of both the air 
warning and fighter control function, but modifications and 
the evolution of new types greatly improved the situation. 
The metre-wave sets proved that they were capable of giving 
warning of over 100 miles on high flying aircraft and could 
give height determination to an accuracy as good as plus or 
minus 1,000 feet. The height determination was made by the 
observation of the passage of the aircraft through the lobes 
in the aerial pattern in the vertical plane. 

The advantage of microwave radar as a shipboard set may be 
realized by referring to the coverage diagrams in Figs. 9(a) and 
(b), Chapter II. By using microwaves it is possible to direct a 
beam over the surface of the sea at a very much lower angle 
of elevation than is possible at longer wavelengths. It was 
this feature which made microwave sets invaluable in the 
detection of low flying aircraft while the introduction of the 
PPI (plan position indicator) type of display enhanced their 
value still further. 

The radar systems falling into the two categories “ metre ” 
and “microwave ” constitute the air warning and fighter 
control systems up to the present day. Many refinements 
have been made not only in the radar systems themselves but 
also in the organisation which has been set up to make use of 
the information, 

Identification of aircraft has been made possible by use of 
the airborne IFF set (identification friend or foe). This set 
reccives the signal from the ship’s interrogator and retransmits 
it as a code to the ship. The coded signal is displayed on the 
ship’s radar screen and the operator can see at a glance the 
positions of friendly fighter and enemy raider. 


Sea Search 


The function of sea search is to provide information on the 
whereabouts of surface vessels in the vicinity of a ship. The 
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performance of a search set is such that long ranges are obtained 
on shipping of all classes, and determinations of range and 


bearing are fairly accurate. The information obtained from 


the set (or sets, in the case of a large ship) is displayed ona 
plotting board, allowance being made for the movement. of 
the ship. Consequently the positions and movements of all 
shipping in the vicinity would be seen as though the observer 
were stationary. The officer in command who refers to this 
plotting board is fully informed of the sea situation and is 
able to report the dispositions of ships at a moment’s notice. 

Metre-wave radar proved unsuitable in filling the role of a 
sea search radar. The possible aerial height is not sufticient 
to depress the first lobe of the vertical interference pattern to 
a small enough elevation angle, consequently the ranges were 
inadequate. In contrast microwave radar can detect surface 
vessels at horizon range which amounts to about 20 miles if 
the set is installed on a cruiser. 

A large variety of aerial types has been used for microwave 
sea search sets, a typical one being a paraboloid having an 
aperture about 5 feet in diameter and fed by a waveguide horn 
placed in the plane of the aperture. Excellent azimuth deter- 
mination is possible due to the narrow horizontal beam width. 
The display system most commonly used is a PPL type to give a 
continuous picture. with one or more Class A displays as sub- 
sidiaries. This display is useful in checking the performance of 
the set and also for maximising on signals to obtain a precise de- 
termination of azimuth. ‘The PPL display is very often re- 
peated on the bridge and at various key points throughout the 
ship. The display system in modern installations includes a 
skiatron. In this system the PPI picture is projected optically 
onto a horizontal translucent screen about 3 feet in diameter. 
This enables several men to sce the picture at one time and 
has the further advantage that a grid reference map may be 
superimposed on the picture. 

Sea search sets. owing to the nature of their aerial beams are 
also capable of detecting low flying aireraft and therefore form 
an integral part of the ship’s air warning system. fn order to 
facilitate the sorting out and promuleation of information to 
R.—l1s. 
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the right quarters, the PPI is repeated in the departments 
concerned with fighter control, air defence and sea defence. 

Special sects have been designed recently for use against 
submarines. Although the submarine presents a small area 
for reflection of radio waves even when surfaced, it may be 
detected at useful ranges with microwave sets. Since the 
submarine can attack without surfacing, the problem which 
arises is the detection of the periscope at useful ranges. The 
object to be detected is very small and in a heavy swell is 
periodically obscured by waves. Notwithstanding, there is 
every likelihood that future developments in microwave 
technique will eventually solve the problem. 


Main Armament Fire Control 


Main armament fire control is analogous to CA (coast artillery) 
but incorporates the additional feature of stabilisation to 
cope with the movement of the ship. The function of the 
main armament fire control set is to supply precise information 
of range and bearing of the target to the gun director. In 
modern installations the radar aerial is actually mounted on the 
director and rotates with it. The performance of these modern 
sets is such that targets can be detected at horizon range, which 
is somewhat less than that obtained with a sea search set 
because the aerial height is lower. 

The efficacy of main armament gunnery was enormously 
increased with the introduction of microwave radar, which 
was ideally suited to give the precise type of information 
required. By refinement of timing circuits and time base 
scans. excellent accuracy in range measurement was obtained, 
the order of the error amounting to a few yards in several 
thousands. High bearing accuracy was achieved by the use 
of beam swinging. In this method the aerial is scanned back 
and forth in the horizontal plane through a small angle, either 
by mechanical movement of the aerial or its feed, or elec- 
trically. by producing a linear phase change across the acrial 
aperture. The display most commonly used is an expanded 
Class B display. that is, one with range displayed vertically 
and bearing horizontally. Only a few degrees in azimuth 
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are displayed so the target appears as a horizontal line on the 
centre of which the cross hairs are set. 

A useful feature of microwave radar was the fact that it 
could detect a shell in flight and give a good echo from the 
waterspout caused by the shell hitting the water. The operator 
could give range and bearing of the splash and the necessary 
correction could be applied to the guns between salvos. This 
resulted in a further increase in accuracy and economy of 
fire from main armament batteries. : 


Anti-Aircraft Fire Control 


Several types of gun are used in the Navy for defence against 
air attack. A capital ship carries heavy anti-aircraft guns, 
pom-poms, and rapid firing guns such as the Bofors, and the 
type of gun used depends on conditions of which the most 
important is the altitude of the attacking aircraft. The usual 
function of the heavy gun is against aircraft flying at 2,000 feet 
or over while the pom-poms and rapid firing guns are used 
against comparatively low flying aircraft. Radar is able to 
supply the information required for laying both the heavy 
and light guns on the target. The requirements of a radar 
set for the heavy guns are somewhat different from those for 
the light guns since a more complete prediction is made for the 
former. 

The parameters which are required for the high angle 
directors for heavy anti-aircraft gunnery are slant range, 
bearing, and the rates of change of these two quantities. 
Radar will supply all this information to the director: the 
radar set is in fact partially built into the director. 

One of these sets which has a range of bout 40 miles operates 
on decimetre wavelengths ; the aerial system is a Yagi fitted 
with a cylindrical paraboloid reflector. “The display system, 
located inside the director consists of a Class A display with 
a stepped base line. The position of the step on the base line 
is controlled by the range dial. ‘The dial is set so that the 
step lies over the leading edge of the echo and the range is 
then read off directly from the range dial. ‘The range require- 
ments for this application are not hard to meet with the 
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techniques available at this wavelength. The pulse duration 
is short and the receiver bandwidth correspondingly wide so 
that an echo with a steep leading edge is seen on the display. 

In a more modern type of fire control system a microwave 
radar is completely built into the heavy anti-aircraft gun 
director. 

Small radar sets operating on decimetre wavelengths are 
used to supply range information to pom-poms and Bofors guns. 
With a fairly accurate range fed from the radar set the director 
can calculate and supply the necessary deflections to the guns. 
The target is followed visually by the gun layers and the radar 
continuously supplies the range information required. Time is 
a most important element in short range gunnery and before the 
application of radar the range of a target had to be estimated 
rapidly by eye. This led to serious errors which resulted 
in erratic fire and waste of ammunition. However, since the 
human element has been at least partly eliminated the effici- 
ency of fire from short range anti-aircraft guns has increased 
markedly. 


CHAPTER XIX 


AIRBORNE RADAR 


AIRBORNE radars played a very important role in the prosecu- 
tion of the war. The ASV (Aircraft to Surface Vessel) type 
of set was one of the decisive weapons in the Battle of the 
Atlantic. The AI (Aircraft Interception) equipments which 
allowed British night fighters to close in for the kill when they 
had been directed on to the enemy bombers by British ground 
radars were responsible for the success of the second phase 
of the Battle for Britain—the night attack phase. Tho H,S 
(derivation obscure) type of equipment which gave the British 
Pathfinders and the American Superfortresses eyes at night 
to scan the ground or sea beneath them looking for towns or 
islands played no small part in the latter stages of the war in 
raising the intensity of heavy long range bombing to an all-out 
round-the-clock offensive. 

Towards the close of the war the number of airborne radar 
aids had reached considerable proportions. The B-29 Super- 
fortresses were each carrying a ton of radio equipment, of 
which the best part comprised direct radar navigation, bombing 
and identification equipments and radar countermeasures 
designed to detect, study and jam the enemy’s relatively 
immature radar. If the war had continued an even greater 
number of airborne radar units would have played important 
roles. Sets to warn of the approach of hostile aircraft, sets 
to aim and fire guns automatically at approaching and ap- 
proached aircraft, sets to give blind bombing accuracies as 
good as or better than are obtainable visually : all of these 
are airborne radars—completely divorced from ground equip- 
ments. Ground radars were able to direct the bombing of the 
Ruhr with better than optical precision as carly as 1942. 
Airborne radars were well on the way in 1945 to obtaining 
the same results beyond the range of ground stations. 

Another development in airborne radar when war was 
brought to a close was the airborne radar station, i.e. a radar 
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equipment with all the facilities of ground or naval radar 
but carried in an aircraft, a set which combined the higher 
power, high performance capabilities of the ground radar 
with the extended horizon of the aircraft. Airborne radar 
passed from the stage of being an aid to the efficient operation 
of aircraft. Instead the aircraft became an aid to the operation 
of the radar. 

In examining airborne radars in detail two distinct cate- 
gories arise—the long wave and the microwave. The early 
equipments were mostly operated on wavelengths of the order 
of 150 centimetres, the later on wavelengths of a few centi- 
metres. Although there have been a few equipments operating 
at intermediate wavelengths they represent extreme instances 
of one or other of the two categories rather than a continuous 
link between them. The long wave systems represent the 
useful lower wavelength limits of operation of triodes and 
ordinary transmission line technique. The microwave systems 
represent the useful range of cavity and waveguide techniques, 
the range in which resonant cavities and waveguides are of the 
dimensions most suited to manual and mechanical manipula- 
tion. 

1. Long Wave ASV 


The ASV Marks I and II operated at a wavelength of 1-5 metres 
and used push-pull triode oscillators which “ squegged ” 
because of the presence of high resistance in the grid circuit. 
The grid resistance and capacity were adjusted so that RF 
pulses lasting a couple of microseconds at intervals of about 
3,000 microseconds were obtained. The maximum RF peak 
power developed in the later models of the long wave ASV’s 
was about 8 kilowatts. There was no modulator. A pulse 
from the transmitter triggered a calibrator and a time base. 
The recciver used conventional acorn valves for the RF, 
mixer and local oscillator stages. The intermediate frequency 
was 30 megacycles per second and the overall bandwidth 
0-5 megacycles per second. 

The aerial system used with ASV Mark II consisted of 
separate sets of “search ” aerials on each side of the aircraft 
and separate ~ homing ” aerials on each side at the front of the 
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aircraft. Distinct transmitting and receiving aerials were 
used in each case and a choice between “search” and 
“homing ”’ sets of aerials could be made with a manual switch. 
The two ‘ search ” acrials were connected to the radar through 
a motor-operated switch which had the effect of switching 
the radar alternately from one to the other aerial at a fast 
rate. At the same time another switch operated by the same 
motor reversed the polarity of the video connections from the 
receiver to the X plates of the cathode ray tube. The indicator 
used was a conventional electrostatic deflection tube with a 
5 inch screen. A linear time base was applied to the Y plates 


homing aerwls 





Sea return 


Figure 331.— ASV indicator. 


going upwards with time and the output pulses from the 
receiver went on to the X plates. Fig. 331 shows a typical 
cathode ray tube pattern. All deflections to the left of the 
central line represent echoes received when an aerial on the 
left side of the plane is in use. Deflections to the right corres- 
pond to echoes received when the corresponding right side 
aerial is in use. The strong deflections at the bottom of the 
trace are due to reflections from the sea. General search is 
done with the aerials on the side of the plane. Under these 
conditions when an echo occurs it: appears only on one side 
of the vertical trace. If the aircraft is turned in the direction 
of the vessel detected, the echo is lost and the set must be 
switched over manually to the homing aerials which point 
forward and to the sides as shown in Fig. 332. To home ” 
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on the vessel the pilot merely has to keep the aircraft headed 
in the direction which makes the two echoes picked up by the 
front aerials equal. 

By the use of radar ‘“‘ beacons ”—sets on the ground or in 
ships or other aircraft which re-transmit characteristic pulses 
on the same frequency when triggered by incoming pulses 
from the ASV—a wide range of navigational and identification 
facilities can be made available to aircraft fitted with ASV. 


Left Aerial Pattern Right Aer! Pattern 
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| 
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Figure 332.—ASV homing aerial patterns. 


The performances obtained with this ASV under operational 
conditions were very varied, depending on the aircraft height, 
the amount of sea return and the vigilance of the operators. 
Typical figures however were as follows— 


10,000-ton cargo ships 503 ... 50 miles 
Surfaced submarines see aot 5 miles 
Beacons ... a -.- 90 miles 


The equipment described was developed in Britain very 
early in the war and was later put into production also in 
Canada, Australia and the U.S.A. A rather similar equip- 
ment working on 60 centimetres and giving substantially 
the same results was later developed by the U.S. Navy. 


2. Long Wave AI 


The technical difficulties attendant upon long wave aircraft 
interception delayed its introduction to service until after 
ASV was well established. AI Mark IV was finally evolved 
in a form which was capable of useful results in skilled hands, 
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and was produced in considerable quantities. It operated 
on a wavelength of 1-5 metres and had aerial systems and 
displays closely resembling those of the ASV described above. 
A single transmitting aerial was fitted to the nose of the air- 
craft and pairs of receiving aerials were fitted to the wings, 
one set looking up and down in a forward direction and the 
other looking to left and right. There were two displays as 
shown in Fig. 333 showing the range and bearing of anaireraft 
above or below and left or right respectively of the AI equipped 
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Figure 333. AL Mark IV display. 


plane. One serious disadvantage of this type of equipment 
is that, because of the wavelength used, it is not possible to 
carry aircraft aerials with sufficient directivity to eliminate 
echoes returned from the ground. As a result. farget aircraft 
can only be detected at ranges less than the altitude of the 
searching aircraft. 

The difficulties in successfully utilising this equipment to 
close with aircraft and shoot them down were great. Depend- 
ing on the altitude, the later Marks were capable of detecting 
a plane up to 4 miles range. It was desirable to employ a 
special observer. so two-seater aircraft were used. The 
aircraft had to be directed from the ground to within this 
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distance of the enemy bomber and then had to close in rapidly 
without overshooting. The final recognition and accurate 
gun aiming required visual contact. Despite all these difficul- 
ties good results were achieved and it was not until the problems 
of combating low flying aircraft arose that the development 
of microwave AI became really imperative. 


Long wave equipments were developed for use in single 
seater planes but they were never very popular. Other 
forms of presentation of information were tried but the Mark IV 
was the set that played the biggest role and gave the best 
overall results. 


8. Microwave AI 


The need for an AI which did not produce objectionable 
ground return led to the development in Britain of the micro- 
wave AI, the first experimental model of which, AI Mark VII, 
was tested in the early part of 1941. This was a rush design 
without beacons or IFF (Identification of Friend or Foe) and 
only 50 aircraft were fitted to tide over till the finished version 
AI Mark VIII could be put into production. Mark VII was 
introduced operationally in January, 1942, and Mark VIII 
in December, 1942. 

AI Mark VIII used a single paraboloidal reflector illumin- 
ated by a dipole and reflector at the focus. The overall beam 
width of the resultant aerial diagram was of the order of 
10 degrees to half-power points. A pencil beam of this nature 
is too directive to be useful without some form of scanning. 
So the beam was made to scan in a spiral fashion covering 
an effective cone of 90 degrees total angle in about one second. 
The spiral scan was obtained by spinning the complete aerial 
at 1,020 revolutions per minute about the longitudinal axis 
of the plane and deflecting the axis of the reflector from the 
longitudinal axis and back again at a rate of 60 times per 
minute. The received echoes were displayed on a cathode 
ray tube with intensity modulation. A radial time base, 
which rotated about the centre of the tube in synchronism 
with the aerial rotation, produced a pattern which provided 
the range of the echo as radial distance from the centre and a 
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“glock ’’ reference giving the position of the enemy aircraft 
relative tothe AI. A bright dot on the 12 o’clock line indicated 
an aircraft in front of and above the AI. A dot at 3 o’clock 
indicated a plane to the right, and so on. Of course a plane 
at only a small angle from the axis of the AI could be seen 
during a complete revolution of the scanner and would thus 
appear as a circle on the display tube. A plane at a large 
angle would only appear for a small angle of rotation and hence 
would give an echo in the form of a small are of a circle. 
Fig. 334 shows the types of patterns that are obtained. Fig. 335 
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Figure 334.—A1 Mark VIII display. Appearance of echoes from air- 
craft at same altitudes but different bearings. 


shows the appearance of ground return which is obtained 
when the scanner is pointing downwards at a sharp enough 
angle. The maximum ranges obtained with this AI were 
about 5 miles ; minimum, 400 to 500 feet. The power output 
was initially 5 kilowatts. Owing to the rapid rotation of the 
radial time base the angle turned through between successive 
pulses was about 2} degrees. This gives rise to a pattern 
on the display consisting of spokes at every 24 degrees instead 
of a completely continuous pattern as is most. desirable. 
The development of the Al Mark VII led in quick succession 
to the microwave HS and ASV Mark [IL radars in England. 
The first U.S. AL was the SCR-520 produced in 1942. ‘This 
was followed by an improved version called the SCR-720, 
Both of these employed a system of scanning radically different, 
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from that of the AI Marks VII and VIII. An aerial of the 
same type and roughly the same size and directivity was used 
but a helical instead of a spiral scan was employed. The whole 
aerial rotated at 360 r.p.m. about a vertical axis and the axis 
of the dish was tilted up and down in such a way that the beam 
followed a helical path. The received echoes over a forward- 
looking sector of 180 degrees were displayed as intensity 
modulation on a pair of cathode ray tubes, one depicting range 
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Figure 335.— (a) AI Mark VIII coverage. (b) AI Mark VIII echoes 
from ground objects. 


versus azimuth and the other elevation versus azimuth. The 
power output of the early SCR-720 sets was about 70 kilowatts 
and the maximum range obtained was about six miles. One 
of the conspicious technical innovations of the SCR-720 was 
the use of the rotary spark gap modulator with an artificial 
transmission line as a source of high voltage rectangular pulses. 


Since the development of these pioneer microwave Al’s a 
variety of sets has been produced employing different scanning 
techniques. Powers of the order of 200 kilowatts have been 
introduced and completely automatic search and “ lock-on” 
radars have been developed which locate an aircraft and 
automatically track it in range, bearing and elevation, supply- 
ing the information to manually or automatically controlled 
gun turrets. Towards the end of the war the development 
of airborne radar was proceeding rapidly to the stage wherein 
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every piece of gun or rocket armament would be controlled 
automatically by radar. Sets ranging in weights from less 
than 100 pounds to more than 700 pounds were developed 
or in development, with power consumptions from several 
hundred watts to several kilowatts. Sets small enough to 
mount in nacelles on the tips of wings of fighter aircraft were 
in service. Most of these later types of equipment were 
developed in the U.S.A. 

Bofore leaving AI, it is worth mentioning a class of aircraft- 
to-aircraft detection equipment which had some use during 
the latter part of the war and was being investigated more 
thoroughly at the close of hostilities. This is “‘ tail warning.” 
Tail warning sets are designed to tell a bomber when an air- 
craft is on his tail. These sets are mostly long wave although 
microwaves were also being investigated. The requirement 
here is for a sot to be completely automatic—to show a light 
or operate a buzzer when an aircraft appears within a certain 
range. The conventional time base display techniques are 
not adequate. Novel equipments utilising echoing pulses to 
initiate further transmitter pulses thus producing pulse recur- 
rence frequencies depending on the distance between aircraft, 
and also other equipments using frequency modulated CW have 
been tried. 

Returning to the original AI Mark VIL with its spiral scan, 
one of the most important discoveries that arose from the 
early experiments was that of the characteristic properties 
of the ground as a source of echoes. It was seen that cities 
and waterways gave rise to patterns on the screen which gave 
promise of providing useful navigational information if radars 
were designed to make use of it. This led to the decision to 
produce H,S. 

4. H.S 


The essential feature of HS was that a microwave radar was 
designed specifically for the purpose of looking at ground 
echoes. It introduced the PPL type of presentation with a 
rotating radial time base synchronised with the aerial, and 
intensity modulation, giving @ plan position indication of the 


countryside below an H,5 equipped aircraft. ft was designed 
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primarily as a navigational aid and as a blind bombing device. 
It was first used operationally in the European winter of 
1942-3. The operation of H,S depends on the variation of 
the reflection properties of different terrains, in particular on 
the presence of large numbers of flat walls and roofs of buildings 
in towns and cities. These walls and roofs either reflect back 
directly large amounts of radio energy or in conjunction with 
other buildings and ground give rise to multiple reflections, 
acting effectively as corner reflectors. 

The problems arising in H,S design are those of securing 
an uninterrupted view of the countryside in all directions and 
of directing the radio frequency energy downwards in such a 
fashion that the maximum possible area is illuminated in the 
most efficient fashion. Scanners from 2 feet 6 inches to 
3 feet in diameter were developed. Early models produced 
pencil beams but cosecant types of vertical patterns were 
produced with later aerials. Either a distortion of the shape 
of the reflector or a modification of the feed to a paraboloidal 
dish caused the desired amount of energy to be directed down- 
wards towards the ground. The required patterns depended 
on the operating height of the aircraft and the overall radar 
sensitivity. 

The H,S display was arranged so that as the aircraft changed 
course the PPI rotated, thus keeping the top of the screen 
pointing north. This was necessary to make accurate map 
comparison possible. The H,S Mark II had PPI ranges of 
100 miles, 30 miles and 10 miles, the latter being used for 
bombing purposes. 

Since the early H,S designs considerable improvements have 
been effected In the following directions : 

(a) Sean distortion correction has been introduced. The 
original H,S drew a PPI map of slant range versus bearing. 
Since slant range is only equivalent to ground range at ranges 
much greater than the aircraft altitude, the errors in bombing 
runs increase as the target is approached. This has been 
corrected by using distorted time base waveforms which for a 
known altitude produce a pattern effectively portraying ground 
range versus bearing. 
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(b) Roll stabilisation to compensate for rolling of the aircraft 
has been developed producing a gyroscopically stabilised 
aerial. This can allow “ avoiding action” and * 
to proceed without impairing the PPI picture. 


” 


* jinking 


5. Microwave ASV 


The requirement for ASV equipments capable of detecting 
submarines at considerable ranges led to the fitting of 
H.S Mark I into British Coastal Command aircraft as soon as it 
was developed. This equipment was called ASV Mark III 
and its operation differed from H,S only in that the top of the 
PPI picture was made to represent the direction of the plane 
and not the direction of north. In general the design differ- 
ences between H.S and ASV equipments arise from their 
differing tactical uses. H,S is in general required for fairly 
high flying, stable runs. ASV is required for searching for 
ships and submarines and, when they are found, descending 
rapidly to a suitable level to drop either torpedoes or bombs 
or fire rocket projectiles at them. ASV. reconnaissance re- 
quires that good performances be maintained at lower altitudes 
than with H,S. This gives rise to different acrial patterns. 
One of the standard ASV techniques involved dropping to a 
height at which a Leigh light could be used to illuminate the 
vessel. The decisive increase in U-boat kills in the middle 
of 1943 when over 100 were sunk in two months’ operations 
75 per cent by aircraft fitted with radar —broke the U-boat 
offensive. 

There was a lull while the U-boats licked their wounds 
and later fitted Schnorkels (breathing tubes allowing the 
submarine to remain submerged while charging batteries), 
but the arrival on the scene of a shorter wave version 
of H,S provided an effective counter. During 1944 the steady 
killing rate drove the U-boat from the sea. 

Improved bombing and ranging attachments improved 
the effectiveness of radar. ‘The most effective improvement, 
however, came with the introduction of auxiliary carriers 
providing Air Force radar cover over the whole convoy routes. 


CHAPTER XX 


RADAR NAVIGATION 


Meruops of navigation using radio waves have been known 
for many years and have come into widespread use on ships 
and aircraft. The methods depended principally on measure- 
ment of the direction of arrival of radio waves and suffered 
the disadvantage that they were subject to errors due to 
material bodies in the immediate surroundings of the receiver 
and also to varying topographical and atmospheric conditions. 
Radar introduced a new and revolutionary factor into these 
methods of navigation, namely the measurement of distance. 
Measurement of distance can be carried out to a very high 
order of precision, is quite independent of site and furthermore 
does not vary appreciably with meteorological conditions. 

The principal methods of application cf the pulse technique 
to navigation are : 

(a) Measurement of distance and bearing to a known ground 
beacon, or of distance only to two or more ground beacons to 
obtain a fix. 

(b) Measurement of the interval between the reception of 
pulses from a pair of ground transmitting stations, giving 
position along a track. 

(c) Recognition of terrain by the use of a high definition 
radar set which allows such features as coastlines, rivers, 
built-up areas, etc., to be identified. 


1. Military Uses of Radar for Navigation 


Responder Beacons 

A navigator can determine his position either by measuring 
distance and bearing from a known point, or by measuring 
distance only to two known points. For this purpose ordinary 
radar targets such as hills, cities or rivers make unsatisfactory 
reference points because it is often difficult to determine their 
position precisely. The responder beacon is a device which 
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acts as an artificial target and can be placed in any convenient 
location to serve as a definite navigational reference point. 
The beacon consists of a receiver, modulator and transmitter ; 
a radar pulse entering the beacon receiver is fed through the 
modulator to the transmitter which re-radiates a similar 
RF pulse. This transmitted pulse is generally much stronger 
than the received signal so that the radar set which triggers 
the beacon receives an echo of greater strength than that from 
an ordinary target at the same distance. In addition, the 


output from the beacon may be coded so that it is easy to 
identify. 


ASV Beacons. Although ASV equipment was designed prim- 
arily for locating ships and submarines from aircraft as 
described in Chapter XIX, it was also used extensively as a 
navigational aid in conjunction with beacons located along 
air routes and near terminal air ports. The beacon signal 
appeared on the ASV cathode ray tube in the same way as a 
signal from an ordinary target so that its range and approxi- 
mate bearing could be measured. A relatively simple super- 
regenerative receiver and a low-power transmitter were used 
in the first ASV beacons and a useful range of about 100 miles 
was obtained for aircraft flying at 5,000 feet. The display 
was later improved by arranging for the beacon to transmit 
on a frequency different from that of the received signal. 
When the beacon transmitted on the same frequency, the 
beacon pulse appeared among the echoes from normal radar 
targets, making identification difficult, especially at short 
ranges. By arranging for the beacon to transmit on a fre- 
quency slightly different from that of the incident signal, 
the ASV receiver could be tuned to the new beacon frequency 
so that only the beacon signal and no ground clutter or other 
echoes appeared on the screen. 


Rebecca-Eureka. ‘The successful use of ASV beacons for 
navigation led to the development of special lightweight 
gear for small aircraft and gliders. One such equipment is 
known by the code name Rebecea-Eureka, Rebecca being the 
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airborne unit and Eureka the ground beacon. This set was 
used to assist aircraft in locating ground troops so that supplies 
or reinforcements could be dropped accurately. An Australian 
design of a portable and completely tropicalised Rebecca- 
Eureka equipment is shown in Plate XXIX (a) and (6). 
The Eureka unit weighs 25 pounds and the aircraft installation 
approximately 120 pounds. A range of 25 miles at 2,000 feet 
altitude is obtained under most conditions. 


The H System 
The H system is one in which a position fix is obtained by 
measurement of two distances to two beacons located at known 
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Figure 336.—H system. <A position fix is obtained by measurement of 
the two distances R, and R, to two beacons located at the known points 
Aand B. 


points as shown in Fig. 336. The ground beacons are of the 
responder type, and the aircraft carries an interrogating 
transmitter and a receiver with facilities for accurate measure- 
ment of distances. When short pulses are used, the accuracy 
is approximately -- 20 yards at the maximum range of detec- 
tion which is usually the line of sight distance. As in the case 
of ASV beacons, the signals from the ground transmitters 
are coded for identification purposes. 

The high accuracy obtained with the H system makes it 
suitable for the blind bombing of small targets such as bridges, 
factories, railway stations. etc. To simplify the navigational 
problem, it is usual to fly the aircraft on a circular course 
which passes through the bomb release point. Prior to the 
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flight, the position in space of the release 
from wind measurements, bomb ballisties, proposed altitude 
ete. Fig. 337 illustrates the process of flying the circular 
path, R, remaining constant and the bombs being released 
when the range to the second beacon is R,. 

It is also possible for the aircraft to fly a. selected hyperbolic 
course (Fig. 338) by keeping the difference in ranges R,and R 
equal to a constant. (A hyperbola has the property that aha 
difference in the distance from any point on the hyperbola 
to the two foci is a constant). 


point is computed 
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Figure 337.—H system. For blind bombing the aircraft flies on a circular 

course which passes through the bomb-release point. The range to 

beacon 1 is maintained equal to 2, and bombs are released when the 
range to beacon 2 equals Ry. 


In both of these cases it is usual to introduce a delay in 
the response of one of the beacons so that the two beacon 
responses are finally received at approximately the same time 
in the aircraft. This simplifies the method of display and 
Provides a greater reading accuracy since the range scale can 
then be expanded. 

Shoran! is the name given to an American H system which 
Was designed as a self-contained blind bombing unit. The 

'* AN/CPN-2 manual (Ground Station Equipment), and ** AN/APN-3 

ual (Airplane Equipment),”’ Radio Corporation of America, March, 1944. 


ese manuals give a description of the equipment developed by RCA for 
the U.s, Army Air Force. 
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beacon pulses are displayed on a circular time base on which 


the accurate distance measurements are made. The airborne 
radar transmits pulses first at one frequency (230 megacycles 


PA-PB =A constant 2 





Figure 338.—H system. It is possible for an aircraft to fly a hyperbolic 
course by maintaining the difference in the ranges to the two beacons 
equal to a constant. 
per second) and then at another (250 megacycles per second), 
the switching rate is 10 cycles per second. These trigger first 
one then the other beacon which reply on a third frequency 







Response from 
Beacon | 


Response from 
Beacon 2 


Figure 339.—H system. A PPI display showing coded signals from two 
ground beacons at ranges FR, and R, from the aircraft. 
(310 megacycles per second). In the aircraft, the range 
measuring circuits and other controls are coupled with the 
frequency switching so as to enable the beacon responses to 
be identified. 
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Another H system? made use of H.S equipment using the 
PPI presentation described in Chapters II and XIX, and 
navigational fixes were obtained by measuring distances to 
two beacons as illustrated in Fig. 339. The coding method 
adopted in this case was to transmit three or four closely 
spaced pulses with variations in spacing. H,S type equipment 
in its standard form was designed for area bombing and was 
not capable of accurate distance measurement. The addition 
of a small unit weighing only 15 pounds allowed it to be used 
as a precision H type bombing system. 


Oboe. Oboe is an interesting variant of the basic H system, 
in which range measurements are made at the ground stations 
instead of in the aircraft itself. A responder beacon is carried 
in the aircraft, and ground stations are used which are standard 


BMS, 


Dot Signal Areo 
7 





POZO Biye 
of f/f 
Z MF 
a " / 
3 ING, 
see 1 Release 
4 ! o point 
4 
‘ey o 
Rodor | Rador 2 


Figure 340.—Oboe. The radar station at A directs the aircraft so that 
the range R, remains constant. The station at B give the bomb amner 
a signal when the release point P is reached. 


early warning ground radar to which range measuring units 
capable of a very high accuracy have been added. Range 
information is transmitted automatically to the pilot or bomb 
aimer of the aircraft by using the receiver of the aircraft 


2E. R. Lyman, J. B. Platt,” Micro-H,’’ Massachusetts Institute of Tech. 
nology Radiation Laboratory, Report 714, April, 145. 


558 A TEXTBOOK OF RADAR (Ch. XX 


beacon and either width- or space-modulating the radar 
pulses. For the bombing run the circular course method 
described above is invariably used. One station directs 
the pilot so that the range of the aircraft remains constant 
at the value required to make it pass through the computed 
bomb release point. This information is fed to him in the 
form of dot signals if his range is too short, or dash signals if 
his range is too great (Fig. 340). A continuous tone indicates 
that he is flying on course. The second ground station 
measures range to the release point and gives the bomb aimer 
a signal when this point is reached. The accuracy of the 
system is of the same order as for the methods already described 
and it has the advantage that all computing and display circuits 
are on the ground and the equipment in the aircraft can be 
made light and compact. It has the disadvantage that only 
one aircraft may be controlled at a time whereas with Shoran 
for example up to twenty aircraft may be operated from two 
ground beacons. 


Hyperbolic Systems 


Hyperbolic systems were developed to meet the need for a 
moderately accurate blind bombing device and a navigational 
aid suitable for ships and aircraft. Although the accuracy 
of a fix is less than for the H system, the method is more 
flexible and there is no limit to the number of ships or aircraft 
which may use it at any one time. Furthermore, the trans- 
mitting stations are on the ground and may be made quite 
powerful, while the equipment carried by the navigator con- 
sists only of a receiver and time measuring circuits. 


Referring to Fig. 341 (a), A and B are two transmitting 
stations which radiate a continuous sequence of short 
RF pulses. The pulses from the two stations are synchronised 
and we will assume for the moment that they are radiated 
simultaneously. A pair of pulses from A and B will in general 
arrive at any point in space at different times due to the 
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difference in path length from each station to the point con- 
cerned. Using a receiver and time measuring circuit, the 
navigator measures the difference in time between the reception 
of the pulse from point A and the pulse from point B. This 
measurement locates the navigator on a particular hyperbola 


Line of position” PA-PB =a constant 
Y 







Moster Station Slave Stotion 


Figure 341 (a).—Hyperbolic systems. A measurement of PB-PA 
locates the aircraft on a line of position which is a hyperbola with foci 
at A and B. 


First Pulse 
Second Pulse 


“Calibration Pips 


Figure 341 (b).—The appearance of a time base with calibration pips for 
measuring the difference in time between the arrival of the pulses from 
the Master and Slave Stations. 


which is referred to as a‘ line of position.”” The measurement 
may be made by arranging for the first pulse to trigger the 
time base so that the second pulse appears as a steady signal 
along the time base line which is calibrated by superimposing 
calibration pips spaced at known intervals as shown in 
Fig. 341 (6). Means must be provided for determining whether 
the pulse from A or B arrives first, otherwise there would 
be two possible lines of position situated symmetrically on 
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either side of the perpendicular bisector OY. In addition, 
if the navigator is close to the line OY, the two pulses may 
overlap, and it would be difficult to measure or identify them 

To overcome these difficulties the pulse from station B is. 
delayed by a fixed amount which is slightly greater than the 
time taken for a pulse to travel from A to B (equal to A B/c 
where c is the velocity of electromagnetic waves). This 
ensures that the pulse from A will always arrive first at the 
receiver. The most convenient way of introducing this delay 
is to arrange for station B to incorporate a receiver so that 





f H 


Figure 342.—A navigational fix may be obtained from the two pairs of 
stations such as A, B and C, D. The navigator may determine that 
he is on the hyperbola EF and GH and hence his position is given by 

the point of intersection J. 


B is triggered when a pulse is received from station A. The 
delay is then AB/c plus any further delay which may have 
been introduced by the receiver circuits. When this system 
is used, station A is designated the master and station B the 
slave station. 

In order to obtain a navigational fix it is necessary to have 
a second pair of ground stations C and D which enables the 
navigator to determine a second line of position as in Fig. 342. 
Thus he may determine that he is on hyperbola ZF and hyper- 
bola GH. His actual position is then the point of inter- 
section J. 
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; The accuracy of such a fix depends on the accuracy of the 
time measuring circuits, the position of the navigator relative 
to each pair of stations, andthe angle of intersection between 
the two lines of position. A small error in the measurement of 
time difference corresponds to a much greater deflection of the 
line of position for a point P, near the base line than for a 
point P, which is near the perpendicular bisector. The 
accuracy is therefore low in the areas shown shaded in Fig. 343. 





Figure 343.—A small error in the measurement of time difference corres- 
ponds to a greater position error at P, than at Py. The accuracy of a 
line-of-position is low in the shaded areas. 


Gee.? Gee was developed in England to provide a navigational 
and blind bombing aid for aircraft operating over northern 
France and the Ruhr. ‘The frequency is in the 20 to 80 mega- 
cycles per second band so that the range is little greater than 
the line of sight. Fig. 344 shows the area within which the 
error of a fix is not greater than + 1 or 2 miles at extreme 
range. This accuracy is adequate for area bombing of cities 
and large industrial zones. From Fig. 344 it will be seen 


3 Gee was developed by R. G. Dippy of the Telecommunications Research 
Establishment. 


‘* Principles and operation of equipment type 7000 (Gee), Air Ministry, 
Report SD 0328 (1), October, 1942. 
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that in practice only three stations are used, one master station 
being employed to control two adjacent slave stations. Pulses 
from all three stations are identified by a simple process and 
an experienced operator can obtain a fix in less than one 
minute. 
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Figure 344.— Gee system, Illustrating the coverage of a Gee installation 
similar to one used during the war as a navigational and blind bombing 
aid. 


Loran.’ Loran was developed in the United States of America 
and is based on the same principles as the Gee system, although 
the methods of synchronisation, identification of pulses and the 
time measurement are different. In order to obtain longer 
ranges than are possible with Gee and to provide a service to 
ships at sea. the frequency of Loran is in the vicinity of 2 mega- 

‘D. G. Fink, ~ Description of the long range navigation (LRN) system,” 
Massachusetts Institute of Technology Radiation Laboratory, LRN System 


Report 19. July. 19 and B. W. Sitterly, ‘* Elements of Loran,” Massa- 


chusetts Institute of Technology Radiation Laboratory, Report 499, Decem- 
ber, 1943. = 
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cycles per second. At this frequency use is made of trans- 
mission via the ionosphere and an extreme range of 1,500 miles 
is possible. The maximum range varies considerably during 
the twenty-four hours and is different over land and sea as 
shown in the table. 


TABLE 11—MAXIMUM RANGE OF LORAN 

















" Ground wave Sky wave 
Maximum range in nautical miles SS 
Day Night Night 
Over sea water 750 600 1500 
Over land 170 100 1500 





The ability to use signals reflected from the ionosphere has 
led to the development of two systems which have been 
designated Standard Loran and SS Loran. Standard Loran 
makes use of ground wave synchronisation and stations can 
be placed up to 600 miles apart provided the path between 
them is over water. The spacing actually used is a com- 
promise, as the base line should be long for high accuracy but 
short for maximum coverage. It is also necessary to maintain 
absolutely reliable synchronisation under the worst noise and 
propagation conditions so that in practice the spacing between 
stations is seldom more than 300 miles. 

The stations of an SS Loran (Skywave Synchronised Loran) 
system are synchronised by means of the wave reflected from 
the ionosphere. The base line can then be as much as 1,500 miles 
long and the possible coverage area is greater than that of 
Standard Loran. The stations are usually arranged at the 
corners of a square so that a large proportion of the position 
lines cross almost at right angles and the accuracy over this 
area is about + 2 miles. This arrangement is suitable for 
air navigation over land but of course its use is restricted to 
night-time only. 

Plan Position Indicator Systems 
The systems described. above depend on the accurate measure- 


ment of distance or difference in distance between the navigator 
and one or more ground stations. The accuracy of a fix 


564 A TEXTBOOK OF RADAR [Ch. XX 


therefore becomes less at long range and can also vary con- 
siderably in the area surrounding the ground stations. For 
many purposes it is necessary to provide accurate navigation 
and bombing aids beyond the range of the Gee and Oboe 
systems which are limited to line of sight distance. In coastal 
navigation, ships may also require an aid which is not depen- 
dent on propagation conditions or the existence of favourably 
placed ground transmitters. A satisfactory solution to this 
problem is found in the PPI systems described in previous 
chapters. 

The navigator is provided with a complete radar set fitted 
with a high definition display which provides a picture of the 
surrounding terrain at night or through fog and cloud. Pro- 
vided there are radar targets such as towns, hills and land- 
water boundaries which can be recognised on the cathode 
ray tube screen, navigation is then possible by comparing 
the received picture with a suitable map. 


H,S was the first PPI type of navigating and blind bombing 
aid introduced during the war and details of the equipment 
are given in Chapter XIX. Its resolution has been pro- 
gressively increased by decreasing the wavelength, the beam 
width and the pulse length until in the latest equipment a 
resolution of about 40 yards in range and less than 1 degree 
in azimuth is possible. 


Plate XXX is a photograph of New York city taken on the 
most recently developed form of this equipment. 


2. Applications to Civil Aviation 


The requirements for navigational aids to civil aviation can 
be grouped into four distinct categories : 


(a) Short distance navigational aids are required (within 
distances of 100 miles from an airport) to give the pilot accurate 
distance information and enable him to fly to or from the air- 
port on any radial track with an accuracy of + 14 degrees. 


(b) Long distance aids are required to provide an accurate 
fix to a range of 1,500 miles at night or 700 miles by day. 
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(c) Warning of impending collision with obstacles or other 
aircraft is desired at a distance sufficient to allow avoiding 
action to be taken. 


(d) It is required to land aircraft when the visibility is 
practically zero. 


It is proposed to deal only with the first of these require- 
ments in the present work. While there are many ways in 
which radar can contribute to the remaining three problems, 
the techniques have not advanced to a stage at which it can 
be said that their solution is in sight. 


Distance Measurement 


For civil aviation purposes, distance from an aircraft to a 
ground beacon is measured by an equipment® similar to the 
Rebecca-Eureka unit described on pp. 553 and 554, but with 
the cathode ray tube display replaced by a meter indicator. 


The ground unit consists of a responder beacon which may 
be located at an airport and at points along the route while 
the aircraft carries an interrogating transmitter, receiver, 
range measuring circuits and the meter indicator. As there 
may be several beacons within range of any one aircraft, a 
code device is used to enable the pilot or navigator to select 
the particular beacon to which the distance is required. This 
may be provided by arranging for the aircraft transmitter 
to transmit double pulses spaced by an amount set by the 
code switch and by arranging for each beacon to respond only 
to double pulses of a particular spacing. The automatic 
tracking circuits described in Chapter XV are used to search 
for the beacon pulse and measure the time difference between 
interrogator and beacon pulses. The elimination of the 
cathode ray tube and the provision of tracking circuits make 
the operation of the equipment completely automatic except for 
the necessity of setting the beacon selector switch. Plate XX XI 
(a) illustrates a typical airborne unit designed for this purpose 
with a 270 degree meter calibrated 0 to 120 and 0 to 12 niles. 


8’ J. H. Piddington, B. F.C. Cooper. J.G. Downes, ** The Austrahan distance 
indicator,” C.S.LR. Radiophysics Laboratory, Report RPRG, May, 1946. 
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The overall weight is 25 pounds and it operates in the 200 mega- 
cycles per second region. 

Such equipments do not give direct indication of the bearing 
to a ground beacon. In order to provide a stand-by naviga- 
tional aid, it is desirable that some method of homing be avail- 
able to the pilot in the event of all his other navigational aids 
going out of operation. It is possible to obtain an approxi- 
mate bearing by following the well known procedure of flying 
two short courses at a known angle to each other and measuring 
the rate of change of distance in each case. A simple mech- 
anical computer> then allows approximate bearing to be 
obtained. 

The provision of a distance measuring device is likely to 
prove of great assistance when aircraft are in close proximity 
to an airport and are awaiting the signal to land. The danger 
of collision is considerable under these conditions especially 
when visibility is poor. A control and stacking procedure 
which avoids this danger is one in which aircraft are instructed 
to fly cireular orbits at different radial distances from the 
airport beacon. 


The Multiple Track Radar Range. A simple track guide 
system called the “‘ multiple track radar range’ has been 
developed from the hyperbolic systems described on p. 558. 

It consists of a single pair of master and slave transmitters 
which may be spaced 6 to 10 miles apart. Fig. 345 shows the 
hyperbolic tracks generated by a pair of such stations 10 miles 
apart in the vicinity of Sydney, and it can be seen that ata 
distance greater than 2 or 3 times the spacing between stations, 
the tracks approximate closely to straight radial lines. The 
system is not truly omnidirectional because the accuracy is 
low along the line joining the two ground stations, but highly 
satisfactory tracks are available over 300 degrees out of the 
360 degrees. 

The airborne equipment is shown in Plate XXXI(b) and as in 
the distance measuring equipment. the cathode ray tube has 


"M. Beard, J. H. Piddington, ** A multiple track radar range,” C.S.I.R. 
Radiophysics Laboratory, Report RPR6, May, 1946. 
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been replaced by a meter indicator operated from automatic 
tracking and time measuring circuits. The difference in time of 
arrival of pulses from the two ground stations is measured 
and this determines the particular hyperbolic track on which 
the aircraft is flying as in the Gee system. The pilot’s indica- 
tor is calibrated in track numbers corresponding to those on 
a map, the case illustrated in Fig. 345 showing 19 such tracks. 
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Figure 345.—Hyperbolic tracks associated with an experimental multiple 
track radar range inst alled at Sydney. 
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It is possible to fly along any selected track by maintaining 
the time difference or track reading constant. A centre zero 
meter is used to assist in this operation. The pilot sets @ 
control to the required track number and flies so as to keep 
the pointer on zero. The meter is @ sensitive galvanometer 
in a bridge circuit, one arm of which is adjusted by the pilot 
when he selects the required track. For the station spacing of 
10 miles shown in Fig. 345! the accuracy with which the air- 
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craft can fly any of the 19 tracks is considerably better than 
+ 14 degrees. 

Complete 360 degrees coverage may be provided by installing 
a second pair of ground stations approximately at right angles 
to the first pair, a station selector being added so that any 
particular pair may be used at will. 


8. Marine Navigation 


Owing’ to satisfaction with existing methods, it is unlikely 
that radar can contribute to the navigation of ships on trans- 
oceanic voyages. If a long distance aid is required, however, 
Loran is likely to provide the solution. 

The most pressing problem of marine navigation is that 
found in coastal waters during fog or in bad weather conditions, 
when there is danger of collision or running aground. A 
solution to this problem is supplied by the high definition radar 
equipments with PPI display which became available towards 
the end of the war. They provide not only an accurate 
picture of the surroundings, but give the position of buoys 
and other ships in the vicinity. The main requirements of 
good minimum range and high resolution are met by the use 
of 1/10th microsecond pulses and a wavelength of a few 
centimetres. 


4. Surveying 


The process of surveying inaccessible and undeveloped country 
has in the past been a lengthy and arduous procedure due to 
the difficulty of operating ground parties in such terrain. 
The advent of aerial photography has reduced the labour 
and increased the rate at which an area is covered, but for 
reasonable accuracy it is still necessary to establish bench 
marks and levels at many points within the surveyed area. 

Radar can contribute to the problem of surveying un- 
developed terrain because radio waves are transmitted easily 
and reliably over distances greater than the visual, and because 
of the ability to measure distance accurately from one or 
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other end of the base line. It is not necessary to traverse 
the base line and the intervening ground need not be flat 
or even accessible. The accuracy of measurement in military 
practice was of the order of + 20 yards in 200 miles and recent 
developments show that this figure can be improved to 
+ 5 yards. 

Full advantage of radar methods is not obtained if measure- 
ments are confined to the ground and the most profitable 
method of making use of them is in the air. The applications 
of greatest interest are therefore the conduct of large scale 
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Figure 346.—The distance between A and B is measured by flying along 

a path such as CD and making a continuous record of d, and d,. Tho 

minimum value of d, -+ d2 must correspond to the point E and the 
distance AB can then be calculated. 


triangulation by means of distance measurements in aircraft, 
and the ground control of survey aircraft. 

The technique employed for long-base triangulation is 
analogous to the H technique described on p. 554. Placing the 
ground beacons from 300 to 500 miles apart, an aircraft flying 
approximately along the perpendicular bisector measures the 
distance to each beacon so that the ground distance between 
them can be computed as shown in Fig. 346. At a flying 
height of 30,000 feet a beacon separation of 500 miles is possible 
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and the error of measurement should not exceed + 10 yards. 
With this as base line, a triangulation with sides each some 
500 miles long may be built up, giving an exceptionally open 
grid which can be used to link up points spread over a large 
continent. 

The ground control of survey aircraft is accomplished by 
the H method in practically an unmodified form. One of 
many procedures which may be adopted is to place the ground 
beacons A and B (Fig. 347) at two known points about 200 miles 





Figure 347.—For the ground control of survey aircraft beacons are 

placed at the points A and B and the aircraft flies a rectangular grid as 

shown in the figure. The accuracy of a fix within the shaded areas may 
be as high as + 20 yards. 





apart in the terrain to be surveyed. The aircraft then flies a 
rectangular grid and each time a survey photograph is taken 
a record is obtained of distances r, and 7, to each of the beacons. 
The accuracy of a fix within the shaded areas can be as high 
as 20 yards. Due to unfavourable geometry the accuracy 
elsewhere is lower. but for the aircraft track shown the position 
of photographs taken in the unshaded area can be determined 
to a sufficient order of accuracy by interpolation. In this 
way a single pair of ground stations can be used for the survey 
of a total area of some 100,000 square miles. 
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Characteristic impedance 
coaxial line, 163 
waveguide, 131, 135, 163 

Charging pulse-forming network, 90 

Cheese aerial, 266 

Cireuit 
bootstrap, 78, 107, 454 
coincidence, 469, 491 
delay, 481, 488 
differentiating, 445 
Ingh vacuum tube modulator, 74 
integrating, 445 
line type modulator with rotary 

spark gap, 108 
lumped equivalent, 203, 313, 317 
trigger for modulator, 89 
Circular sweep generator, 
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Index 


Circular waveguide, 
198-9 
Civil aviation requirements for navi- 
gation aids, 564 

Clamp 
double-ended, 451 
single-ended, 450 

Cloud echo, 37 

Chatter 
influence of IAGC, 434 

Coastal front superrefraction, 32, 33 

Coaxial line attenuation, 177-9, 184 
bend, 185 
characteristic impedance, 163, 184 
comparison with waveguide, 178 
coupling to waveguide, 199 
flexible, 181 
joints and junctions, 185, 297 
plumbing, 181-6 
power rating, 184 
resonant impedance, 
support of inner conductor, 182, 

185 

transformer, 306 

Coil 
deflection, 327, 443 
focusing, 442 

Conductance 
input, of valves, 415 

Conductivity, 123, 176 

Conical scan, 509 

Connector 


178, 187, 189, 








coaxial ete., 185 
Conversion gain, 390, 39%, 409 
Corner reflector, 1+ 
Countermeasures, 6 
Coverage 
definition, 20-21, 508 
diagrams, 24 
Critical frequency, [88 
Crystal burn-out, 299, 397, 398 





construction, 
equivalent circuit, 397 
germanium, 307 
rectification, 396 

Crystal mixer 
adjustable, 403 
AFC, 403, 406, 408 
balanced, 2, 407 
beacon facilities for, 40°. 
coaxial, 404 
filtering, 401 
impedance 
performance 
theory, 393 
waveguide, 405-9 
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411 
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DC restoration, 449 
Delay circuit, 488-9 
Detector 

diode, efficiency of, 435 

second, in radar receiver, 435 
Diehl, W.5., 28 
Dielectric constant, 

loss, 177 

matching transformer, 170 

rod aerial, 244 
Differential rectifier, 492-4 
Diffraction from aperture, 2 
Diode detector, 435 

mixer, 392, 393 

switching valve, 299 
Direction finding radar, 484, 565 
Directional coupler, 197 
Discrimination 

double pul: 503, 565 

pulse repetition frequency, 503-5 
Dise-seal triode valves, 344 
Display meter, 484, 565, 567 
Display systems, cathode ray tube, 
circular sweep, 465 
class A (deflection 
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modulation), 








B (range-azimuth), 481, 510 
intensity modulation, 322 
PPI, 12 477, 563 
Distance measuring radar, 2, 454, 565 
Distortion 









in cathode ray tube sweep, 444, 
458, 459 
in sawtooth generator, 
Duct (superrefraction), 29, . B38 
Duplexing (aerial duplexing), 204 
Duty cycle, 72, 449 


Earth curvature 
effect on propagation, 23 
Echo cross-section, 13-16 
Echoes from 
aircraft, 14 
37 
eylinders, 15 
dipoles, 14. 15 
moon, LO 
rain, 37 
ships. I4 
spheres, bt. 15 








clouds, 








electrode 
rotary spark gap. S7 
keep-alive, 302. 308 





Ilnergy density. SB Ne 
Equivalent eireuit of 
cavity resonator, 203 


aTL 


Kquivalent circuit of (continued) 
crystal rectifier, 397 
duplexing system, 313 

Eureka, 553 


Fading due to target movement, 14 
Fan beam, 508 
Feedback 
effect on stability. 434 
in sawtooth generator, 453 
in triode oscillator, 347 
inverse, in IF amplifier, 432 
unwanted, in receiver, 434 
Feeder, flexible, ISL 









Feeder system = requirements, [61-3 
Ferrell, BE. B., 24 
Field intensity, 217 
Filter 

radio frequency, 203, 401 
Flip-flop 

anode coupled, 446 

cathode coupled, 447, 472, 474 


delay multivibrator, 489 
phantastron, 455, 474, 458 
transitron, 449 
Flux density in’ pulse transformer 
cores, 105 
Fourier transform, 250 
Frequency converters, 
division, 465, 467 
measurement, 207 
natural, 137 
response of receivers, 333 
stability of klystron. 3S4 
of magnetron, St 
spectrom of magnetron, 54 
Frequencies used for radar, 7 
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(iain 
Gam 
effeet on valve characteristic. 433 
Instantaneous automatic, 433 
Gap 
ins type. SUS 
Gate, 330 
Gate tenerator, 446 
Th @UbO-PA ee errenit, 
in thisplay cireiit. 446 
pulse lenuth in auto-ranving 


control of LF amplifier, 433 


480-90 


cir- 
ett. $90 
GCL (Ground Control of Intercep- 
tion). o20 
Gee, S61 
Generator 
fate, 440. GSO. g00 


pulse. 455 


Index 


Generator (continucd) 


range mark, 467 
sawtooth, 451 
sweep, 467, 494, 497 


Hard tube modulator, 74, 75, 106 
Harmonic energy from magnetrons, 
308 
Helical sean, 509 
Hertz, | 
Horns, 271 
biconical, 276 
conical, 276 
pyramidal, 2 








HS (Home to Station), 549, 564 
Hyperbolic Systems, 558 


IAGC, 433 
IFF (Identification Friend or Foe), 









328 
Impedance characteristic, 130, 135, 
16: : 
charts, 132, 165 
gea rtted line, 164 
intrinsic, 115 


measurement, 164, 213 

mixer, 399, 411 

normalised, 130 

transformer, 165-70, 

308 

wave, 13- 
Tnductance 

for DC charging, {4 

of cathode lead. 330, 416 
Integrating circuit, 445 
lonosphere height 

direet measurement of, 1 
Iris discharge gap. 308 

in waveguide, 193 


194, 298, 





Jaeger, Vo C., 23 
Johnson noise, 335-7, 412 
Joints 
choke. 
coaxial, 
rotating, 
Junction 
magic tee. 196, 311, 407 
tee, 195, 297, 311 
Keep-alive electrode in gas switch, 
302, 308 
Kennelly chart, 132, 165, 





Iso 
185 
Isk5, 





198 


171 


Index 


Klystron 
AFC, 385 
bunching, 359, 371 
construction, 356, 381 
current distribution, 359, 362, 3 
double resonator, 368 
electronic tuning, 384 
frequency stability, 384 
limitations, 367 
mixer, 395 
oscillator, 351 
power output, 377 
reflex, 352, 371, 374 
second order effects in, 366 








Leakage power for TR switches, 
299, 314, 317, 398, 400 

Leigh light, 551 
Lens aerial, 269 
Lighthouse valves, 344, 394 
Limiting in video amplifier, 324, 435 
Loading effect on magnetron, 54 
Lobe due to ground reflection, 22 
Local oscillator, 342-88 

cavity stabilisation, 407 

for beacon reception, 403, 406 

injection, 401, 404, 406 

noise, 391, 408 

power requirement, 401 
Loran, 562 








Los 
aerial duplexi 
atmospheric, 
coaxial line 
conductor, 
dielectric, 
waveguide, 122, 1758 









M (Modified refractive index), 27 
Magic tee 

balanced mixer, 2, 407 

duplexer, 311 

waveguide junction, 1G 
Magnetic 

coupling cavity, 149 

deflection for cathode ray tubes. 

441, 442, 459, 477 





Magnetron 
back bombardment, 60 
cathode, 59 








characteristic, Peas 

choice of operating condition, 35 
CV76, 57 

design, 48 
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Magnetron (continued) 


early models, 38 
efficiency, 46 
frequency spectrum, 54 
stability, 54 
loading effect, 54 
manufacture, 5 
moding in, 50, 
output coupling, 61 
aw mode, 50 
Raytheon type, HK7, 64 
resonator, 40-42 
self-consistent field solution for, 48 
strapped, 51, 58 
theory, 42 
Western Electric type 725, 62 
Marine navigation 
application to, 568 
Mars circuit, 85 
Matching theory, 
transformers, 16/ 

















3-4 
70, 194, 303-9 
Maxwell's equations, 115, 137 
Measurements 
aerial, 288 
duplexer performance, 317 
frequency, 207 
impedance, 130, 164, 213 
mixer performance, 409-11 
powe 9-11 
Memory circuit 
position, 488 
velocity. 500 
Meteorology 
application of radar to, 9 
Microwave 
definition, TI 
Minimum detectable sipmal, 385-7 
Mixer 
bahinced, 392, 407 
beacon facilities, 4 
sum deflection 
























cireuit: losses, Soo 
conversion wai. 39O. BIN, FOO 
erystal, 395-9 

adjustable. 403 





ARC. 40. 106, 408 


balanced, 392, 407 
tne 


on facihties. 405. 406. 
wil, 404 
filtermiy, 401 
dapecdamee. ¢ 








pertormianes 
pre-plamel 
theor : 
wave 









crystals, 
diode. B92, 


O76 


Mixer (continued) 
klystron, 395 
local oscillator coupling, 401, 404, 
406 
measurements. 409-11 
noise temperature, 391, 399, 410 
theory. 389 
triode, 394 
video, 477 
MKS units. 115 
Modes 
cavity resonator, 139. 141. 201 
Modified refractive index (M), 27 
Modulator 
hard (high vacuum) tube. 74. 75 
circuit, LO7 
capacitor coupled, 75 
transformer coupled, 75 
line type, 7 
AC charging circuit, 96 
charging inductance, 94 
circuit with rotary spark gap, 108 
DC charging cireuit. 91 
DC power supplies, 94 
diode charging, 93 
fixed triggered gaps, 89 
hydrogen thyratron, 90 
linear charging, 
resonance charging 
rotating spark gap, S6 
trigger cireuit, SO 
output waveform. Loo 
pulse distortion, 76. 101 
Moon eehoes, 10 
Multiple track radar range. 502. 566 
Multivibrator, 446. 503 




















NACA 
Network 
high-pass. 445 


(standard atmosphere), 28 











low-pass. S2. 445 
Noise. $35.7 
factor 
definition, 335-6. 412. 413 
in TF amplifier, 432 


in sitnal frecqueney amplitier, 416 
typreal values, 421 

Variation with frequeney. 341. 
416 

TM Peeeiw ines cireuit, 
local oscillator, BOL. 408 

termperature. of nuxer, 397. 399, 
410 

thermal avitation. 





412 





Normalised inipedanes. 130 


Projection 


Index 


Oboe, 557 
Off-shore streaming, 32 
Oscillation 
conditions for, in 
Oscillator 
blocking, 464, 467, 483, 489 
cavity tuned, 348 
coaxial line tuned, 346 
tal controlled, 467 


klystron, 358 





local, 389, 391, 401, 
ranging. CW, 467 
ranging, gated, 470 
triode, 67 

Output coupling for magnetron, 61 
Overshoot in video amplifier, 437 


404, 406, 408 


Parabolic reflector, 262 
Pawsey stub, 234 
Pencil beam, 509 
Permeability of a medium, 115 
Phantastron, 449, 465, 474, 488 
Phase 
constant. 117 
error, 467 
relations in klystron, 365 
shifting, 466 
velocity, 121 
Pill-box aerial, 268 
Plan position indicator (PPI), 12, 
323. 477, 563 
Plumbing 
coaxial, I81-6 
waveguide, 1S9-200 
Polarisation in circular waveguide, 
Iso 
Polythene, 181 
Position memory, 488 
Power 
carrying capacity, 180 
maximum transfer, 167 
measurement, 209-11 
klystron, 378 
rating of line, 137, 180. 184 
supplies for cathode ray tubes, 444 





Poynting’s vector, 121 
PPI 


(Plan Pos 
3. 477, 


ion Indicator), 12, 
963 






optical of radar displays, 327-8 


Propagation 





abnormal (anomalous), “34 
effect of spherical earth on, 23 
constant, TT IIs 

normal, 2] 







Index 


Properties of air, 177 
Pulse 

analysis, 33 
distortion, 
distortion in modulator, 76, 101 
forming network 

Bartlett, 83 

Blumlein, 85 

capacitance, 82, 84, 90 

low-pass filter type, 82 
generator, 465 
transformer, 74, 101 

bifilar windings, 105 

constants, LOL 

construction, 104 

core energy, 103 

design procedure, 103 

equivalent circuit, 102 

insulation stresses, 106 

requirements, LOL 





Q, aerial, 221 
Q factor of resonator, 151, 201, 202, 
319 
Quarter-wave stub support, 182, 185 
transformer, 165, 171, 306 


Radar 
airwarning function, 4 
definition, | 
for distance measurement 
use against flying bomb, ¢ 
Radar systems 





520, 





airport approach control, 530 

airwarning, 313 

ASV (Aircraft to surface vessel), 
542 

beacon, 544, 552-61 

CH (Chain Home), 513 

distance measuring, 565 

fire control, 524, 538. 539 

GCI (Ground Control Intercep- 
tion) 

IFF (Identification Friend or Foe). 
o2s 

LW/AW (Australian Lightweight 

ir-Warning), 518 

mn oand bombing aids, 














H stems, 554 
HS, 549 
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Radar systems (continued) 
Loran, 562 
SS Loran, 563 
Oboe, 557 
MTR (Multiple Track Range), 





Rebecca-Eureka, 553 
Shoran, 555 
ShD ustralian Shore Defence), 





» 
SLC (Searchlight Contr 
submarine detection, £ 
tail warning, 549 
Radiation 
field from aerial, 222 
inversion, 32 
resistance of aerial, 220, 336 
Radio location, 
Rain echoes, 37 
Range, 335 
Range mark generator, 467 
Ranging circuit, 465-74 
circular sweep, 442, 467 
CW oscillator, 467 
gated oscillator, 470 
resistance capacity, 472 
Ray scanning, 
Rayleigh how of scattering, 37 
Ray theory, 21 
Rebecca-Eureka, ¢ 
Receiver, 321-41 
AFC, 8-9 
bandwidth, 331-4, 422 
characteristics, 321 
frequency response, 333 
IF frequency, 338 
local oscillator, 338 
404, 406, 408 
mixer, 389 
noise factor, 335-6, 413 
overall amplification, 3: 
requirements in radar, 321-3, 
339- 
RF amplification, 338. 415 
sensitivity, 335-7 
television, Comparison, 3 
tine delay in, 321 
Reciprocity theorem, 2 
Recovery time of duplexer, 300, 
316, 319 
Reflected wave oon ‘Transmission 
line, 1 
Reflection coefticient, 22 
Reflector 
corner, 14 
parabolic, 262 


Reflex Klystron, 352. 371, 374 
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Refraction 
abnormal (superrefraction), 25-34 
normal, 23-25 
Refractive index (of air), 25 
Relaxation oscillations in TR circuit, 
302 
Re-radiation from aerial, 224 
Resolution 
of radar set 
Resonant cavi 
coupling, 147, 200, 204 
cylindrical, 141, 201 
degeneracy of modes, 139, 203 
equivalent circuit, 157, 203 
filter, 203 
Maxwell's equations, 137 
mode selection, 201 
prism shaped, 138, 202 
Q, 151, 201, 202, 319 
rectangular, 138 
shunt resistance, 
transformers, 307 
tuning, 201 
Resonant impedance of coaxial line, 
Is+ 
Rieke diagram, 55 
Rotating joint, 185, 
Ryde, J. Wi, 37 


510 





158, 203 


198 


Sawtooth generator, 451 
cancellation of curvature in, 
distortion in, 452 

Seanner, 253 
Eagle, 28 
Foster, 2) 
Musa, 287 
moving feed, 283 

Scansitron, 494 

Scattering 
atmospheri 
backward, 13 
Ravleigh’s law of, 37 

Schelling. J. Cu. 24 

Schnorkel, 551 

Nereen of cathode ray tube, 326-9 

Search sweep (auto-ranging circuit) 
dhsconnector, 487, 497-8 
venerator, 487, 494-7 
rate, 490-7 

Sensitivity of radar receiver, 335- 

340-1 

Servo-mechanismn, 488 

Stup echo cross-section, [4 

Shoran, 

Signal fading, 14 

Skiatron. 327-8 


456 






37 








Index 


Skin depth 

magnetic, 102 

radio frequency, 123, 176 
Slater, J. C., 42 
Slot aerial, 235 
Slotted line impedance gear, 164 
Smith chart, 55, 132, 165 
Space charge in magnetron, 47 
Space factor of aerial, 218, 256 
Spark gap 

aerial switch, 300 

fixed triggered, 88 

rotary, 86, 548 
Sphere 

echo cross-section, 15 
Spherical earth 

effect on propagation, 23, 24 
Stability 

frequency of klystron, 384 

IF amplifier, 434 

magnetron, 54 
Stabilisation 

CRT pattern, 463 
Stagger tuning 

design data, 425 

transient performance, 427 
Standard atmosphere (NACA), 28 
Standing wave ratio, 130, 164, 214 
Strapping in magnetron, 51, 58 


Streaming 
offshore, 32 
Stub 


matching, 168-70, 173 
Pawsey, 234 
support, 182, 185 
Superrefraction, 25-34 
coastal front, 32 
duct, 29 
extreme ranges, 33-4 
offshore streaming, 32 
radiation inversions, 32 
trade wind, 33 
trapping, 29 
Surveying by radar, 568 
Sweep circuit, 457 
circular, 442, 467 
delayed, 481 
distortion, 458, 459 
electrostatic deflection, 457 
magnetic deflection, 459 
recovery time, 462 
stabilisation, 463 
Swept gain, 433 





Taper sections, waveguide, 192 
T-Junctions, 195, 297, 311 


Index 


nm comparison with radar, 





Termination of transmission line, 162 
Thermistor, 210 

Thermistor bridge, 211 

Thyratron, 90 


Time delay, receiver, 321 
, 








Tizard, Sir Henry, 2 
Tracking circuit, 488-94 
‘Transformer 
aerial switch, 298, 303-9 
coaxial to waveguide, 200 
dielectric, 170 
half-wave, 174, 182 
lumped element, ¢ 
pulse, 74, 101, 165, 171 
quarter-wave, 306 
stub, 168-70, 173 
Transient response, 427 
experimental approach, 430 
importance of in radar receiver, 427 
of deflection coil, 459 
of basic display circuits, 445 
of IF amplifier, 427 
of video amplifier, 436 
Transit time phenomena, 330, 343 
Transitron, 449 
Transmission line, 110 
characteristic impedance, 163 
coaxial, 163, 178, 181-6 
flexible, 181, 192 
yveneral design aspects, Tso 
losses, 17 
power rat 
transform 
waveguide, 
‘Transve 
electric mode (TE), 128 
electromagnetic mode (TEM), 11 
magnetic mode (TM), 129 
‘Trapping (superrefraction), 29 
Travelling waves, 79 
Triode 
pgrounded-grid, 417 
mixer, 34 
TR/RT switches (Aerial duplexing), 
zt 
Tuning 
electronic, of klystron, 384 
Tuning of resonant cavity, 150, 201, 
3o6 
Typhoon rain echoes, 37 
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MKS rationalised, 115 
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Valves 
CV76, 57 
CV90, 346, 416 
diode, 299 
disc-seal, 416 
for high vacuum tube modulators, 
78 
TR/RT switch, 298, 299 
pas-filled, 300, 316, 317 
lighthouse (GL446), 344, 394, 416 
triode, 417 
internal impedance, 343 
Van Vleck, J. H., 34 
Velocity 
group, 121 
memory circuit, 500 
modulation, 351 
phase, 120 
Visibility of signals on radar system, 
337 
Watson Watt, Sir Robert, 
Wave equation, 137 
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Waveguide 
array, 251, 282 
attenuation, | 
bends, 190 
circular, 146, 178, 187, 
coaxial coupling to, 200 
coaxial line comparison with, 110, 

178 
critical wavelength, LIS, 146, 188 
discontinuities, 193 
flexible, 102 
impedance theory, 130, 135, 163 
irises, 103, 305 
joints and junctions, 189, 195 
magic tee, 196, 311, 407 
nomenclature of modes, 125, 146 
plumbing, 189-200 
power carrying capacity, 137, 180 
propagation constant, 11s 
rectangular, 115, 163, 178, 
187-200 
rotating joint, 19S 
taper section, 
transformer, If 





189, 198 
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Wavelength 


critical, TES, 146. 15s 
in guide, 120 
mneasurement, 207 


Waveselector, 1S 


Woodward, VP. M., 32 


Yagi aerial, 254 
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